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A
ANNOTATTON ,;/ L

This book presents the principles of design and elements
of the theory of systems for the radio control of rockets and
radio fuses. FEmphasis is on the various aspects of electronic
components of the control apparatus. The fact that these
components are dynamic links of control systems is taken into
account in the analysis. 1In addition, considerable attention
is devoted to analysis of radio control systems as a whole,
with different types of perturbations being considered.

The book is intended for radio engineers and students at
advanced radio engineering technical schools and corresponding
divisions at universities, It also can be useful for non-
specialists in this field who are interested in methods of
radio control of rockets.
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FOREWORD

The radio control of rockets is onme of the most important branches of /3
rocket technology. Under present-day conditions, the intensive development
of controlled rockets is undertaken not only for the purpose of their military
application, but aiso for investigation of space and for interplanetary flights.
A great number of different kinds of technical apparatus, making up the control
system, are required for assuring flight of a rocket along a specified

trajectory.

The complex of instruments used in the guidance of a rocket or any other
pilotless object to a specified point in space, by use of radio apparatus,
usually is called a radio control system.

Due to the broad development of rocket technology there has been a sharp
inerease in the radic control of rockets, and this gives rise to an acute need
of technical literature on the methods of design and the theoretical principles
of systems for the radio control of rockets.

In recent years a considerable number of books, brochures and individual
articles on the automatic control of rockets and other air vehicles have
appeared both in the USSR and abroad (refs. 1-29, 59, 60, 92, 93, 94, 103, 10k,
106-112). In a number of these works and especially in the books (refs. 1 and
2) successful attempts have been made to generalize problems of planning and

use of electronic apparatus in rocket technology and also the accumulating rich
experience in the field of development of control systems.

At the same time, rocket technology is being continually perfected and as
a result more and more new results of scientific investigations of radio control
and related problems are appearing.

This book is a further attempt at systematization of available data. [&
In addition, the book presents a number of problems of a general theoretical
character whose solutions have been obtained through the independent work of
the authors.

As in all published books, brochures, reviews and articles, the problems
involved in the radio control of rockets are treated in close relationship to
military problems.

The presence of a considerable number of types of apparatus making up a
control system and different kinds of interference (radio noise, atmospheric
turbulence, etc.) causes errors in rocket guidance. Therefore, in some cases
it becomes necessary to use proximity fuses. Radio fuses often are used for
this purpose.



A radio fuse is an instrument ensuring the explosion of a warhead at a
specified distance and when there is a fixed relative position of the rocket
and the target.

Since the requirements imposed on radio control systems and radio fuses
usually are interrelated, a special chapter of this book is devoted to radio
fuses.

In writing this book, the authors attempted to expound the basic prin-
cipies of design and the elements of the theory of radio control systems and
radio fuses in such a way that the reader could brepare himself for a deeper
study of the corresponding specialized materials. All examples pertaining to
specific design, technical and tactical solutions are based on materials in
the open literature, a list of which is presented at the end of the book.
However, the quantitative data are fictitious and have a purely illustrative
character,

The first chapter of the book, being essentially an introduction, is
devoted to a description of the general functional diagrams and the principal
types of control systems. In addition, this chapter gives the most important
requirements imposed on control systems and gives a brief description of
existing guided missiles.

The eight chapters which follow discuss the principal elements of radio
control systems. In these chapters the emphasis is on coordinators, that is,
apparatus for measuring the mismatch signals for control systems and control
command radio links used in transmitting commands from the control point to
the rocket (chapters 7 and 8). 1In addition, necessary information is given /5
on the automatic pilot and the rocket as objects of regulation (chapter 9).

Chapters 10 and 11 give the function and block diagrams of the principal
types of radio control systems and present an analysis of errors of rocket
guldance. Chapter 11 also contains materials devoted to problems involved in
noise immunity of radio control systems and the general principles of modeling
of guidance processes. Chapter 12 discusses radio fuses.

The authors hope that this organization of the book will make it possible
for radio specialists to obtain a quite full idea concerning the place and role
of electronic apparatus in radio control systems and also concerning the
approaches followed in the Planning of this apparatus and their connection to
nonelectronic apparatus. This book can also be useful for specialists in
related fields.

The authors express deep appreciation to Professor L. S. Gutkin and
Engineer V. N. Yelizarov for their work in reviewing the book and extremely use-
ful advice and their suggestions, which were taken into account during the
writing of the book, and also to all those associates who participated in dis-
cussion of the manuscript.




CHAPTER 1. PRINCIPLES OF DESIGN OF ROCKET CONTROL SYSTEMS

1.1. General Functional Diagram of Control Systems

Among the infinite number of possible trajectories for approach of a [1
rocket to a target in actual practice, are selected only those along which
flight is accompliched using sufficiently simple technical means and which are
the most desirable from the tactical point of view. For this reason the motion
of a rocket should be definitely limited, or, as they say, "coherence” should be
imposed on the motion of the rocket. Due to different kinds of external per-
turbations, imperfections of the apparatus used and also the imperfections of
the engine and design of the rocket during guidance of the latter, there will be
disruption of the coherence which must be eliminated. It therefore follows that
for solution of its basic problem the control system should set the character of
the coherence, determine the degree of disruption of this coherence and generate
the control signals under whose influence the rocket moves along the necessary
trajectory.

The coherence imposed upon the motion of the rocket assumes many aspects.
For example, it can be required that the air velocity vector v of a rocket fly-
ing in the atmosphere be directed toward the target during the entire time of
guidance. In this case, at the time of approach of the rocket to the target,
such as in the vertical plane o x_y__ (fig. 1.1), where the point o, character-

izes the position of the center of mass of the rocket, and the axis o, y., Tep-

resents the extension of the Rarth's radius, the control system primarily should
determine whether the angles € and 9, determining the inclination of the vectors
r and v in relation to the axis o,X.,, are equal. If 6 # €, appropriate /8

instruments are used to measure the value and determine the sign of the differ-
ence A .= € - 9, after which commands are produced which eliminate the disruption
of coherence A. With the rigorous satisfaction of coherence, the rocket in the
undisturbed atmosphere will follow a linear trajectory if the target is fixed.

It can be required also that the center of mass of the rocket in the course
of its guidance will be at all times on a straight line connecting the control
point with the target.

In the case of this type of coherence for rocket guidance, in the vertical

plane OuYecXec (fig. 1.2), for example, from the control point °.> the control

system should measure either the angle A = €, - € between the straight lines

connecting the point o, with the target T and the center of mass R of the rocket,



Pigure 1.2

or the linear deflection h of the point R along the normal to the vector ry and
tend to make them equal to zero.

As a last example we will mention a coherence whose essential requirement
is that it is necessary to assure the motion of the rocket in such a way that
the vector r, coinciding with the "rocket-target" line, in the course of the
guidance process moves parallel to itself. If the inclination of this vector,
situated in the plane 0y XeVear (fig. l.l), in relation to the axis OpXgyp 1s €,

a measure of the disruption of the coherence will be the value and sign of the

de
dt’

The measure of disruption of coherence, which for one rocket guidance plane
will be denoted A, is called the mismatch parameter (mismatch signal of the con-
trol system or the control parameter). When the mismatch parameter is recorded,

as necessity dictates, a subscript is added to the symbol A characterizing the
rocket guidance plane and the measured values.

angular velocity of rotation of the vector r, equal to € =

If the rocket is guided along its course and is guided in altitude, the mis-
match parameter is the vector A, whose components lie in two mutually perpendicu-
lar planes. It can be seen, from the examples cited above, that the angular
deflections of the vectors v and rp. in relation to r and r, (figs. 1.1 and 1.2),
the linear displacement h of the center of mass of the rocket along the normal to
the vector Ty (fig. 1.2) and the time derivative of the angle ¢ can be measures

of the disruption of coherence. In a number of cases the mismatch parameter can
be a complex function of a considerable number of parameters characterizing the
motion of the rocket, target and control point. However, in the last analysis,
in the control of the lateral and longitudinal motion of a rocket,coherence /9
is always imposed on the direction of the vector of its flight velocity, al- T
though very frequently this is indirect rather than direct.

On the basis of the foregoing it is possible to represent the general func-
tional diagram of a control system for the course and altitudinal guidance of a
rocket., This diagram is shown as figure 1.3a. Figure 1.3a shows that the




control system includes a coordinator, apparatus for forming and transmitting
control commands, an automatic pilot and the rocket.

The coordinator is a complex of instruments and devices used in deter-
mining the measured value of the mismatch parameter Am in accordance with the

type of coherence imposed on the motion of the rocket. The difference between
A, and A, with the condition that both these parameters are expressed in the

same measurement units, is determined by the errors of the coordinator and the
interference affecting it. The shaping of the signal A, in the coordinator is
accompiished by the setting, measurement and functional conversion of those
parameters which determine the selected form of coherence. In its structure,
the coordinator can be either a relatively simple or an extremely complex
apparatus. This is dependent on with what accuracy and what coordinates of
the rocket and target, or what parameters of their relative motion must be
measured for determination of the measure of disruption of the selected
coherence. 1In a general case, the components of a coordinator are measuring
instruments, a computer and a system for transmission of data.

Depending on the values Am and the type of control system on the rocket

or at the control point, the command forming apparatus produces control com-
mands Ka. If the command forming apparatus is on the rocket, the K, commands

are fed to the automatic pilot (dashed line in figure 1.3a). When the com-
mands are produced at a control point they are transmitted to the automatic
pilot by a command transmission apparatus. The signal K forming at the output
cf the command transmission apparatus is related functionally to K, and there-

fore to Am. Scmetimes in order to decrease the errors in rocket guidance the
comnands K and K; are not only a function of Am, but also are dependent on a

number of additional parameters of motion of the target. The mentioned depen-
dence is the result of the feeding of corresponding signals produced by the
target coordinate measuring instruments from the coordinator to the command
forming apparatus.

The automatic pilot is designed for stabilization of the rocket and con-
trol of its flight by direct action on the control components. If the rocket
can rotate about its longitudinal axis, the automatic pilot, in addition to
performing stabilization functions, solves the problem of conversion of com-
mands in such a way that there will be proper deflection of the control sur-
faces during their turning together with the body of the rocket.

In a number of systems the automatic pilot and the command forming /10
apparatus are combined in a single unit. This usually is the case when the
parameter A; is formed on the rocket.
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In addition to the commands K (or Ka) additional control signals are fed

to the automatic pilot from the rocket. These signals, picked up by the
sensing elements of the automatic pilot, characterize the values and the rates
of change of the angles determining the direction of the axes of the rocket in
space, the linear accelerations of the center of mass of the rocket, etc.

The additional control signals are used both for stabilization of the
rocket and for improvement of the dynamic properties of the control system;
this will be discussed in greater detail in chapters 9 and 10.

If corrective control commands are not fed to the automatic pilot, it
performs the function of a stabilization apparatus and ensures the flight of
the rocket along the previously specified trajectory. The commands K (or Ka)

change the adjustment of the automatic pilot and as a result the rocket moves
into another trajectory of motion.

As is well known, an automatic pilot contains sensing elements which
pick up additional control signals, master controls for measurement of the Zl;
adjustment of the automatic pilot under the influence of control commands
or in accordance with the program, amplification-conversion apparatus, and con-
trol surface mechanisms connected to the control surfaces of the rocket.

With the deflection of the rocket contraol surfaces by 6., where 6. is a

vector whose components are the movements of the elevator and rudder, depending




on their design, there is a change of the angles of attack, banking and slip, a
disruption of the air flow or a displacement of the gas stream of the jet

engine. As a result, there is a change of the direction and value of the total
controlling force and the velocity vector of the rocket is turned.

A rocket in a control system is an object of regulation. The input ac-
tions of the rocket as an element of a control system are the movements of the
control surfaces, and the output effect is a change of the angle of the
velocity vector or lateral acceleration related to it.

As & result of change of the parameters of motion of the rocket there are
changes of the mismatch parameter A and further conversions similar to those
considered above. Thus, the system for control of the lateral and longitudinal
motion of a rocket forms a closed control system sometimes called a guidance
(control) circuit. The role of a regulator in this system is played by the
coordinator, the command forming apparatus, the control command transmission
apparatus and the automatic pilot.

Control systems also are known in which the commands are not produced for
all values of the mismatch parameter, but only for definite values of this
parameter. By means of such systems, whose general functional diagram is
shown in figure 1.3b, it is possible, for example, to bring about the transi-
tion of & winged missile into a dive when it reaches to within a stipulated
distance of the target and to cut off the engine of a ballistic missile at the
end of the active part of the flight trajectory. It is assumed that all the
switching apparatus is in the automatic pilot of the rocket. In the oorsldered
type of control systems the circuit for the transmission of the measured value
of the mismatch parameter to the command forming apparatus is opened by the
key Key. At the same time the coordinator measures and compares the parameters
of motion of the target and rocket, much as is done in the systems whose func-
tional diagram is chown in figure 1.3a

When the mismatch parameter A reaches stipulated values Asl’ BAgpy wvey

Asn’ the key Key is closed automatically or manually and the command forming

apparatus produces the necessary control signals. The intervals of time Ty

(k =1, 2, ..., n) in which these signals should be fed to the automatic pilot
after the conditions A = A, A =4_,, ..., A =A_ are satisfied are deter-

mined by the programming mechanism or the admissible deviations of A from Asl’

AsE’ ooy Asn' Usually the intervals Tk are insignificant in comparison with

the total time of rocket guidance Tg.
In a general case, the operation of the coordinators and the command (12

transmission apparatus can be based on different physical principles. How-
ever, in most cases this apparatus is electronic.




If the rocket is guided by radio apparatus in the coordinator, the command
transmission apparatus or simultaneously in both, the entire complex of
apparatus ensuring that the rocket will reach the target constitutes the radio
control system.

The presence of electronic apparatus in control systems leads to the
appearance of so-called open links. The receiving apparatus of these links is
subject to the influence of interference, including artificial interference.

1.2. Classification of Control Systems

Existing rocket control systems are classified as nonautonomous and
autonomous. In addition, combined systems can be classified in a separate
group.

In the case of nonautonomous control systems there is a characteristic
need for some signals which should arrive from the target or from the control
point in the course of guidance of a rocket after its launching, for the
forming of the measured value of the mismatch parameter Am. These gignals are

not necessary for the functioning of autonomous systems. A combined control
system is a combination of autonomous and nonautonomous systems, or only non-
autonomous, or only autonomous control systems with different principles of
operation.

1. Nonautonomous Control Systems
Nonautonomous systems include:

(1) homing systems;
(2) radio zone (beam-riding) control systems;
(3) command control systems.

a. Homing Systems. A homing system is characterized by the fact that the
mismatch parameter and the control commands are formed aboard the rocket from
signals arriving from the target. The coordinator carried on the rocket has a
sensing element which picks up the radiations of the target which distinguish
it from the surrounding medium. The target can be the source of primary or
secondary (reflected) signals.

The energy of electromagnetic waves is used in electronic homing systems.
The radio apparatus of the coordinators usually measures the angular deflection
of the line OrT connecting the center of mass 0, of the rocket with the target
T from any direction ox, (fig. 1.L4) in space. In the simplest case this

direction coincides with the longitudinal axis of the rocket.




Figure 1.4

The position of the line OIT relative to the straight line o Xn represents

the x-axis of the measurement coordinate system; it can be determined by f13
the angles A6, and Aey or the angles A0 and ¢, where ¢ is the angle formed

by the oy, axis and the radius vector o, Ty, drawn from point o, to point Ty,
corresponding to the projection of point T onto the plane O VY mZm*

On the basgis of the measured values of the mismatch parameter obtained as
a result of corresponding conversions of the signals for the angular coordi-

nates A6, © or A6, Aey, control commands are formed on the rocket for each of

the guidance planes:the developing arsruptions of the coherence imposed on the
motion of the rocket are eliminated by these control commands.

Depending on the location of the primary source of electromagnetic energy
it ic possible to distinguish active, semiactive and passive homing systems.

An active homing system is characterized by the fact that the energy
source irradiating the target and the receiver of the signals reflected from it
are on the rocket. In semiactive homing systems the source of electromagnetic
energy for irradiation of the target is not on the rocket. A passive rocket
homing system is based on signals produced directly by the target.

Homing systems have the following principal merits:

(1) the possibility of guidance of rockets to moving targets, which can be
attributed to the continuity of control of the position of these moving targets;

(2) some autonomy of the systems, since all the apparatus necessary for
shaping the signals for correction of the motion of the rockets are carried
aboard the latter;

(3) improvement of conditions for control of the position of the target
with approach of the rocket to it (to some limit) due to the continuous in-
crease of the strength of the received signals and, at the same time, a decrease
of th= linear deflections of the rocket from the stipulated direction, assuming
constant argular errors of the measuring instruments.



At the same time, electronic homing systems have a number of shortcomings.
The most important of these are:

(1) a relatively short effective range, limited by the technical capa- /1h
bilities of the means for control of the relative position of the rocket and
target;

(2) relative complexity of the apparatus carried on the rocket, especially
in the case of active guidance;

(3) they are subject to the effect of radio interference.

b. Radio Zone (Beam-Riding) Control Systems. In the case of radio zone
control, whose form is dependent on the type of electronic apparatus used in
the coordinator, the necessary flight trajectory for the rocket is fixed from
a guldance point. When a radar set with conical scanning of the antenna
directional diagram is a part of the coordinator, the term radio zone applies
to the equisignal direction passing through the target or the future position.
This type of radio zone also can be created by a radar set with different prin-
ciples of automatic determination of the angular coordinates of targets.

Radio zones created by radio navigation apparatus can be classified as
lines, planes and position surfaces. A plane (radio plane) and position sur-
face (radio surface) are determined by the locus of points situated in a single
plane or on a single surface in which at least one of the parameters of the
radio signals (amplitude, phase, etc.) remains constant. A position line is
defined as the locus of the points of intersection of two planes or position
surfaces.

In radio control technology, systems which ensure the flight of a rocket
along an equisignal direction created by a radar set are called beam-riding
control systems, or as sometimes encountered in the technical literature, radio
teleguidance systems. In well-known beam-riding control systems, the equisig-
nal direction is created by a radar set with conical scanning of the antenna
directional diagram.

The essence of the method of beam-riding control, under the condition
that the equisignal direction giving the rocket flight trajectory at all times
passes through the target, is essentially as follows.

By the time of the launching of the rocket, when the control point and the
target are situated at points Cy, and Ty (fig. 1.5), an equisignal direction is

created which coincides with the straight line COT With the approach of the

0"
rocket to the target, the equisignal direction changes its position in space
and at times ty and t,, when the target is at points Tl and T, and the control

point moves to points Cl and Cg, the equisignal direction coincides with the

traicht 11 .
straight lines ClTl and CéTE’ respectively.




0
Figure 1.5

The rocket carries radio apparatus which measures the degree of disruption
of coherence imposed on the motion of the rocket. TFor example, if at time tl

the center of mass of the rocket should be at point R, on the straight line ClT s
L

443

S

1

1
but itusted at point Ry 1, the value and direction of the angle e, are /15

[ SR

fixed aboard the rocket, and the linear deflection h of point Rl 1 from the

straight line ClTl is determined. The measured value of the mismatch parameter

obtained in this way is converted into commands under whose influence the rocket

returnsto—anegquisignaldirection—As—im homingsystems, the commerds; I
most cases, are produced by apparatus which is integrated with the automatic
pilot. At the same time, the apparatus for the forming of commands can be made
in the form of an independent unit or placed in the rocket radio apparatus unit.

With the motion of the control point and the target along the curves
COClC2Ck and TOTlTETk’ a rocket guided by a beam-riding control system will move

along the trajectory RORlRERk; in this case points RO and Rk eoincide with CO

and Tk’ respectively.

A distinguishing feature of this beam-riding control method is that only
one radar set is required for its realization. If the center of mass of the
rocket should be directed to a future point with a moving target, it is neces-
sary to have two radar sets, one of which determines the coordinates of the
target and the other forms an equisignal direction setting the rocket flight
trajectory.

As a result of this consideration of the problem of the methods for

creating beam-riding control systems, it can be concluded that the apparatus of
the coordinators of these systems is situated both at the control point and on

9
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the rocket. The apparatus situated at the control point in the last analysis
forms the reference line for the angles characterizing the required position
of the center of mass of the rocket and is the source of the radio signals
necessary for the operation of the rocket radio equipment. The latter deter-
mines the degree of disruption corresponding to the linear deflection h

(fig. 1.5).

Various types of radio navigation apparatus can be used for creating a
radio plane. The simplest radio plane is formed by use of a radio beacon for
which the directional diagram of the transmitting antenna periodically is
switched in relation to the selected direction in a horizontal plane (fig. 1.6).
During the two halves of the switching period T, the diagram is in the posi-
tions 1 and 2, respectively. As a result, on the basis of the difference of
strengths of the radio signals arriving at the input of the rocket receiver_[ié
it is possible to determine the deflection h x;elrr of the center of mass of

the rocket R from the vertical plane passing through the control point C and
the target T.

The simplest form of a radio surface is a hemisphere which can be formed
by a radio navigation range-finding system. In the case of a constant flight
altitude and a stipulated range to a ground station A, the rocket R (fig. 1.7)
will move automatically along the arc of a well-defined circle having the
radius Ty

In the case of deflection of the center of mass R from this circle by
means of the apparatus carried on the rocket,it is possible to determine the
value and the sign of the degree of disruption of coherence and eliminate the
appearing guidance errors. The time of temination of rocket control can be
determined by a comparison of the current distance from the rocket to the sur-
face radio station B with the stipulated value rBs.

Other methods for formation of radio zones will be considered in detail
in chapter L.

Radio zone control systems are characterized by use of relatively simple
radio equipment carried aboard the rocket. This can be attributed to the fact
that it operates by reception of the direct signals of radar stations or
powerful radio navigation systems on the ground. At the same time, it should
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be remembered that with the approach of the rocket to the target and assuming
constant errors in measurement of the angular coordinates of the target and
rocket, the accuracy of determination of the parameter h deteriorates and there
is an increase of guidance errors. The presence of several channels for the
reception of radio signals in radio zone control systems, in some cases, makes
it possible to create very effective radio interference in them.

c. Command Control Systems. Command control systems, also called tele-
control or remote control, are characterized by the fact that the control
commands are not formed on the rocket but at the control point. The transmis-
sion of these commands to the rocket is accomplished by radio or by wire.

Under modern conditions transmission usually is by electronic command transizlz
mission apparatus, called control command radio links or radio guidance links.

The transmitting apparatus in the control command radio links, connected
to the output of the coordinator by the operator and a command transducer or a
computer, is at the control point and the receiver is aboard the rocket. The
comnand transducer is a device which transforms the actions of the operator
into signals convenient for feeding to the transmitting apparatus of the con-
trol command radio link. Sometimes the command transducer is considered an
integral part of the control command radio link.

Direct participation of an operator in carrying out the entire process
of rocket guidance is required only in nonautomatic and semiautomatic control
systems. If the control system is automatic, the role of the operator is
reduced to organization of the beginning of the guidance process and control of
the correctness of operation of the apparatus used.

The command radio link, operator and command transducer form the appara-
tus for forming and transmitting commands in a nonautomatic system. In auto-

matic systems this apparatus includes the control command radio link and a
computer.

The coordinator apparatus is placed either completely at the control
point (with the exception of the rocket responder) or in such a way that one
part of it (the primary measuring instruments and the transmitting apparatus of
the system for relaying the measurement results) is on the rocket and the other
part (receiving apparatus of the relaying system and its indicators) is at the

control point.

A considerable number of types of control command guidance systems now are
known. However, the basic idea of their design for control of the longitudinal
and lateral motion of a rocket is quite similar in all cases, and can be ex-
plained using the example of a system whose simplified block diagram is shown
in figure 1.8.

The radar sets RS1 and RS2 are used to determine the coordinates of the
target T and rocket R moving at the velocities vy .and v; in this case the effec-

tive range of RS2 can be increased by the presencé of a responder on the rocket.
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The output signals of RSl and RS2 are fed to the computer Com which determines

the measured value of the mismatch parameter and the control command. The lat-
ter is transmitted to the rocket by the transmitting apparatus of the control
command radio link CCRLTr. The receiving apparatus of this same radio link [l§
CCRLRec forms a signal which is sent to the rocket's automatic pilot. The
considered system obviously is suitable for the guidance of rockets to moving
targets. If the target is fixed, the system is simplified considerably. In
some cases there can be other apparatus for coordinate measurement in addition
to radar sets.

One of the important merits of control command guidance systems is the
possibility of employing a very great variety of rocket flight trajectories in
the process of approach to targets despite the relatively simple radio equip-
ment carried aboard the rocket. It should be noted at the same time that these
systems, like electronic homing systems and radio zone (beam-riding) control
systems also are subject to the influence of radio interference in all the
radio communication channels included in the system.

2. Autonomous Control Systems

Autonomous (programmed) control systems ensure the motion of a rocket
along a previously specified (by the program) trajectory by means of apparatus
carried on the rocket. 1In this case, during the rocket flight process, the
rocket receives no signals from the target and none from a control point.

The programmed trajectory is determined by a combination of set parameters
of motion of the rocket relative to the Earth or relative to some fixed coor-
dinate system, such as an inertial coordinate system.

The parameters characterizing the current position of the rocket in space

are determined by some complex of measuring instruments and are compared with

12




sy T

TP

the programmed (set) values of these parameters. On the basis of this compari-
son control pulses are produced and as a result the current values of the
parameters are set in accordance with the specified values.

Since the rocket flight program cannot be changed after launching, auton-
omous systems are used only for control of rockets designed for guidance to
targets whose coordinates are known in advance with a high degree of accu-
racy. This is one of the shortcomings of autonomous control systems. The
principal merit of such systems is their autonomous character, frequently
making difficult, and sometimes completely excluding, the effect of radio in-
terference by the enemy. In addition, it must be remembered that autonomous
systems can be used for the control of rockeis having a great flight range.
This can be attributed to the fact that such systems are unhampered by the
limiting factors inherent in radar and nonautonomous radionavigation appara-
tus used in detemmining the coordinates of objects situated beyond the range
of geometric visibility.

Electronic and nonelectronic autonomous control systems can be distin- Z19
guished.

Depending on the makeup of the measuring instruments carried on the rocket
it is possible to list the following types of nonelectronic autonomous control
systems:

(1) gyroscopic;

(2) Inertial; " T N

(3) celestial navigation;

(4) guidance systems using terrestrial features and properties.

Electronic autonomous control systems are divided into:

LR TR R

(1) systems based on the use of the Doppler effect;
(2) radio celestial navigation systems;
(3) control systems using terrestrial radar-observed features.

a. Gyroscopic Control Systems. Gyroscopic autonomous control systems are
based on the use of the properties of gyroscopic instruments of maintaining
their spatial position. Therefore, by placing on a rocket several position
(three-power) and rate (two-power) gyroscopes it is possible to bring about
stabilization of the specified angular position of a rocket in a fixed (iner-

-tial) coordinate system. Gyro systems are simple, but at the same time they

have an jmportant shortcoming--a relatively low accuracy. This can be attrib-
uted to the fact that gyroscopic instruments react only to angular movements
of a rocket and do not take into account its lateral translational movements
caused by such factors as the wind. As a result, gyro systems were used as
independent systems only in early developments (ref. k).

Under present-day conditions, gyro systems are used only as a means for

the angular stabilization of a rocket,and the control of the position of its
center of mass is accomplished by other apparatus (ref. 3).
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b. Inertial Control Systems. Inertial control systems are based on con-
tinuous double time integration of the acceleration vector of rocket motion.

The inertial system includes instruments for measurement of accelerations
(accelerograph) and integrating apparatus. After the first integration of accel-
eration the velocity of motion of the rocket is obtained and the integral of
velocity characterizes the path travelled by the rocket. The coordinates of
the center of mass of the rocket are determined from the integrator signals.
Comparison of the current and specified values of the coordinates makes it pos-
sible to form the necessary control signals.

If the path is calculated in a terrestrial coordinate system, for a cor-
rect determination of the components of the acceleration vector it is neces-
sary that the accelerometers measure acceleration in the plane of the horizon.
Otherwise apparatus is needed to take the influence of acceleration of gravity
into account. It therefore follows that the accelerometers should be _[gg
mounted on a platform which at all times will remain parallel to the plane
of the horizon. This requires that the local vertical be determined on the
rocket. This vertical can be determined by using gyro instruments corrected in
a special way.

It is easy to see that an inertial system is considerably more complex
than a gyroscopic system, but at the same time it also has a greater accuracy.

c. Celestial Navigation Control Systems. Celestial navigation control
systems are based on known laws of the motion of celestial bodies which change
little with time. One of the most important units in an astronavigation sys-
tem is the so-called celestial navigation instrument for automatic tracking of
selected celestial bodies in direction. In actual practice it is possible to
detemine the coordinates of celestial bodies of the first and second magnitude
automatically. Information received from two celestial bodies is used simul-
taneously for rocket guidance. However, guidance is possible also by using the
known coordinates of a single celestial body. By having on the rocket the
vertical or the true horizon it is possible to determine the current angular
coordinates of each of the selected celestial bodies. The signals produced by
the celestial navigation system are compared with the specified values of the
parameters of the celestial bodies and the control commands are formed on this
basis. '

A distinguishing characteristic of celestial navigation systems is that
they are capable of operating only when the stars can be seen. This makes it
necessary that the rocket flight be at a sufficiently great altitude. It
should be noted further that modern celestial navigation instruments have a
high accuracy of measurement,

For example, it is pointed out in the literature that in the case of rota-
tion of the rocket-celestial body line at a rate up to 10°/sec the dynamic
error in determination of the direction to the celesgtial body does not exceed
2'. However, the complex equipment which must be carried on the rocket and

the meteorological limitations are important shortcomings of celestial naviga-
tion control systems.
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d. Autonomous Control Systems Using Terrestrial Features and Properties.
Autonomous control systems using terrestrial features and properties are
based on the use of the Earth's magnetic field, the Earth's electrical field,
the gravity field, atmospheric properties, geographic maps which are compared
with the terrain observed from the rocket during its flight, etc. Among these,
the only ones which have come into practical use are those systems whose prin-
ciple of action is based on the properties of the atmosphere for the control
of the flight altitude of a rocket using aneroid pressure sensors.

e. Systems Based on Use of the Doppler Effect. It is well known that
there is electronic apparatus which makes use of the Doppler effect and there-
by makes it possible to determine the vector of ground speed vg of a rocket.

This means that such apparatus produces signals characterizing the module {21
of the vector Ivgl and the drift angle ay.. By knowing Ivgl and ag, it 1s

possible to find the deflection of the center of mass of the rocket from the
stipulated flight direction and the path which it has followed.

An important merit of this system, in addition to its autonomous charac-
ter, is the possibility of ensuring the guidance of the rocket over a great
distance., TFTowever, as a result of the inaccuracy in taking into account the
initial conditions and the fluctuations of the received signals, the errors of
rocket guidance increase with an increase of their flight range.

f. Radio Celestial Navigation Control Systems. The coordinate measuring
instruments in radio celestial navigation control systems make use of radio
signals in the form of fluctuation noise emitted by celestial bodies. After

TN TS S O g

processing, these signals later are used as in celestial navigation systems.

The received fluctuating signals are separated from the instrument noise
of the radio receiver by the amplitude modulation of the former, for example,
by scanning of the directional diagram of the antenna. It should be noted
that for the normal operation of a radio celestial navigation system the an-
tenna of the coordinate measuring instrument, frequently called a radio sex-
tant, should be spatially stabilized.

g. Control Systems Using Terrestrial Radar-Observed Features. In elec-
tronic control systems based on the use of terrestrial radar-observed features
the principle employed is comparison of an earlier prepared radar chart of
the terrain over which the rocket is to pass with a continuously changing
chart which is prepared by the radar set carried aboard the rocket. As a re-
sult of the comparison it is possible to determine the deviation of the rocket
from the stipulated trajectory of motion and form the necessary corrective
commands.

3. Combined Control Systems

One of the reasons for the use of combined control systems is the charac-
teristics of the launching segment of the rocket trajectory. For example,
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when using electronic rocket control systems the rocket enters the zone of
normal operation of radio guidance apparatus only some time after the launching
and this makes necessary an autonomous (programmed) control system in the
launching segment.

A combination of different control systems can be desirable also when
guiding a rocket on the main part of its flight trajectory, for example, when
there are difficulties in the simultaneous satisfaction of the requirements
of a great effective range and a high accuracy of guidance. In most cases con-
trol systems with a great effective range have a relatively low accuracy and
accurate systems are limited in range. An attempt to reconcile these contra-
dictions within the framework of any one control system results in an appre:égg
ciable increase of the complexity and size of the apparatus or it cannot be
accomplished at all. Finally, in some cases for the forming of a master signal
it is necessary to measure a variety of parameters (such as flight altitude,
range to target, angular deflection from the stipulated direction, etc.). Here
also, in many cases, it is more convenient to use measuring instruments of dif-
ferent systems.

Combined control systems usually are classified in three groups. The
first type includes those systems in which rocket guidance is accomplished by
different control systems in the course of the same stage of rocket flight.
In the second type of combined systems the control system is replaced with
transition from one stage of rocket guidance to another. Finally, in systems
of the third type, which can be called mixed systems, the different control
systems are combined both in the different guidance stages and within these
stages.

As an example of a combined system of the first type we can mention the
control system of a winged rocket (missile) of the "ground-to-ground" class
during its guidance to a fixed target. For the accomplishment of horizontal
flight of such a rocket and its transition into a dive at a stipulated distance
from the target, it is necessary to measure the flight altitude and the lateral
deflection of the center of mass from the stipulated direction of motion and
also the remaining distance to the target. Each of the mentioned parameters is
measured by a separate measuring instrument, sometimes unrelated to the other
measuring instruments carried aboard the rocket. TFor example, in the consid-
ered example the altitudinal flight control is accomplished using an autonomous
system (employing a barometric sensor) and lateral guidance is accomplished
using a radio zone control system.

This example illustrates the simplest form of combined control of the
first type, characterized by the fact that in this case each component part of
the system operates independently. Therefore, the very fact of the use of dif-
ferent measuring instruments in a combined control system does not impose any
additional requirements on their operation.

In more complex apparatus the individual measuring instruments are closely

related to one another and form a unified complex. In these cases the specific
characteristics of a combined control system become particularly obvious.
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Combined control systems of the second type are used most frequently in
those cases when it is necessary to ensure a high accuracy of guidance of a
rocket having a great effective range.

The transition from one type of control system to another imposes a num-
ber of specific reguirements on the components of the combined system: the
necessity for a smooth coupling of the parts of the trajectories of the difflgi
ferent guidance stages, stable cutting-in of different systems when the ap-
propriate conditions arise for its use, etc.

A number of variants can be proposed for the formation of a combined con-
trol system of the second type. However, for many such systems it is charac-
teristic that there is self-guidance (homing) of the rocket in the final
flight stage. When developing such combined systems it is extremely important
to determmine the minimum computed range of transition to homing. This value,
in many respects determining most of the parameters of the -entire remaining
system, should be selected in such a way that the following very important con-
ditions are satisfied:

(1) A rocket moving in a maximum curvature trajectory should correct the
errors accumulated during its earlier motion due to the inaccuracy of opera-
tion of the preliminary control system.

(2) The transient processes caused by switching of the system to a homing
regime should attenuate by the time the rocket reaches its target.

(3) Prior to transition to homing there should be reliable reception of
signals from the selected target.

The first condition presupposes the ideal operation of the homing system
and determines the minimum distance st which the rocket is capable of elimi-

nating the previously accumulated errors. Determination of the necessary range
in this case is based on an analysis of the kinematics of motion of the rocket
and target.

Determination of the transition range in accordance with the requirement
that there be attenuation of transient processes makes it necessary to take
into account the dynamic characteristics of the rocket. As an approximation
it can be assumed that the sought-for range should not be less than the dis-
tance which the rocket travels in a time sufficient for attenuation of the
transient process caused by a perturbation of the "single jump" type.

The third condition determines the necessary parameters of the electronic
apparatus of the homing system, using as a point of departure the requirement
of ensuring a reliable range detection and determination of the angular coor-
dinates of the target by the time of the transition of the rocket into a
homing regime. 1In some cases the conditions for pickup of the target can be
limited to the necessary range of transition to homing. Sometimes they limit
only some parameters of the radio apparatus of the rocket, such as the width
of the antenna directional diagram.
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In order to ensure the pickup of the target by the coordinator of the
homing system it is most important that the target be situated in the "angle of
view" of the coordinator antenna system. With the approach of the rocket to
the target there is a decrease of the surface area scanned by a coordinator
having a definitely set "solid angle of view," and therefore there is an in-
crease of the probability that the target will not be picked up. If the tran-
sition range to a homing regime is determined from the first condition and
the possible angles of deflection of the longitudinal axis of the rocket /2L
from the direction to the target at the time of transition of the rocket to ~
homing are known, it is easy to determine the value of the "angle of view" at
which the pickup of the target is ensured. However, in such an approach to
gsolution of the problem the required value of the "angle of view" can be too
great. Also, an increase of the "angle of view" of the coordinator is un-
desirable because in this case there is a decrease of its effective range and
angular sensitivity. This contradiction is overcome by control of the adjust-
able angle of the coordinator antenna.

Combined systems of the third type are the most complex. However, the
problems arising during their development are similar to those considered above,

1.3. Concise Description of Existing Rockets
and Their Control Systems

A great number of guided rockets are known which vary in their tactical
purpose, design, methods of use, type of control system, etc. Most frequently
all types of rockets are classified on the basis of their site of launching and
the position of the target. On the basis of this classification criterion
gulded rockets fall into the following classes: "air-to-air," "air-to-ground,”
"ground-to-air" and "ground-to-ground.”

In recent years there has been considerable development of rockets which
are put into an artificial earth-satellite orbit and spacecraft. For this
reason it apparently is desirable to separately classify "earth-space'" rockets.

It should be noted here that, in the mentioned classes, the term "ground"
means the surface of our planet without distinction being made between conti-
nents, oceans, seas, etc.

Guided rockets of the "air-to-air" type are a means for damaging enemy
aircraft in the air. The flight range ra of such rockets falls in the range
from less than ten kilometers to several tens of kilometers and is limited by
the technical possibilities of airborne radar sets. The rccket weight G
reaches several hundred kilograms. The greater part of the weight is ac-
counted for by the engine, which in most cases uses solid fuel. Rockets of
the "alr-to-air" class move at supersonic velocity. The length 1 of these
rockets usually is several meters and the diameter of their body dr and length

of the wings 1, usually does not exceed tenths of a meter.
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Figure 1.10

used for the guidance of winged rockets. For example, the guidance of the
"Hound Dog" rocket is by means of an inertial system with correction by celes-
tial navigation apparatus and the "Bullpup" is corrected by a radio control Zgé
command system. It should be noted that in recent years there has been a
tendency to use autonomous systems for rockets guided to fixed targets.

Aviation ballistic missiles are a relatively new form of controlled air-
borne weapon. The use of a rocket-carrying aircraft as a launching platform
makes it possible to ensure a considerable effective range, despite a rela-
tively small fuel supply in comparison with ballistic missiles which are
launched from the ground. This can be attributed to the fact that an aviation
ballistic missile, released at a high altitude, does not have to overcome the
dense layers of the atmosphere situated at ground level. However, as is well
known, aviation ballistic missiles are controlled only in the initial part of
their flight to the time when the required value and direction of the velocity
vector of their motion is set, after which the rocket engine is shut down and
it continues its flight by inertia, like any body ejected at some angle to the
plane of the horizon. This gives rise to rigorous requirements on the movement
of the rocket-carrying aircraft prior to the release of the aviation ballistic
missile and on its control system.

The American "Skybolt" rocket can be cited as an example of an aviation
ballistic missile of the "air-to-ground" type. This rocket 1s characterized by
the following principal data: launching weight, 5150 kg; length, 11.6 m;
diameter of fuselage, 0.9 m; flight range, 1600-2400 km (when released at an
altitude of 11-13 km); maximum flight altitude, 320-480 km; flight velocity,
approximately 11,000 km/hr This rocket is designed for damaglng fixed targets
and has an 1nert1al control system.

Rockets of the "ground-air" class, called antiaircraft guided missiles,
are used for shooting down enemy aircraft and rockets and can be launched from
the ground and the decks of surface vessels. The effective range of antiair-
craft guided missiles is from several tens to several hundreds of kilometers
and their flight velocity is hundreds and thousands of meters per second. The
weight of rockets of this class is several tons. In order to ensure a rapid
gain of altitude by the rocket there are additional booster engines which are
automatically separated from the rocket after expenditure of the fuel. As an
illustration of the average characteristics of antiaircraft guided missiles Z__
cited here we can mention the principal tactical-technical data for rockets
of the "Oerlikon," "Nike Hercules," "Nike Zeus" and "Hawk" types.
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Figure 1.12

which have an effective range of 10,000-20,000 km. To attain such ranges the
ICBM, which also are used for putting artificial earth satellites and space-

craft into orbit, are supplied with powerful liquid- or solid-fuel jet
engines.

Some additional information on the ICBMs can be given using the example
of the American "Atlas" missile. This missile, whose external appearance is
shown in figure 1.12b, has: G = 118 tons; ! ~ 25 m; d ~3m v ~ 30,000 km/hr;
ry A 16,000 km.

In addition to ballistic missiles launched from the Earth's surface there
are rockets which are launched by compressed air from the compartments of
submarines. In particular, this applies to the American missile "Polaris"
with an effective range of about 4500 km (model "Polaris =3,

With the continuing development of ballistic rockets of the "ground-to-
ground" class there has been a change in the system for controlling them. For
example, whereas the first models of the "Atlas" were guided by radio ZEQ
command control, inertial systems superceded this. Inertial systems also
are used for control of the "Polaris" missile, etc.
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The flying qualities of a winged missile are influenced considerably by its
aerodynamic form, determined by the type of body and wings, the placement of the
wings relative to the body and the type of control components. In the selection
of the aerodynamic configuration it is necessary to take into account the
required value of the controlling force, the altitudinal and flight velocity
ranges, etc,

Rockets with axial and plane aerodynamic symmetry are the most used. As
is well known, the rotation of an axially symmetrical missile about its lon-
gitudinal axis does not change the vectors of total aerodynamic force and momen-
tum if the control surfaces are in a neutral position. In the case of rockets
with plane aerodynamic symmetry the m
the rocket.

. . . a1
ntioned vectors will turn in unison

For all practical purposes missiles with 3-L wings, having an identical
form and area and arranged symmetrically relative to the fuselage, are aero-
dynamically axially symmetrical.

Missiles with axial aerodynamic symmetry are used in those cases when the
necessary controlling forces for the course and pitching planes should differ
little from one another. Missiles of the "air-to-air" and "ground-to-air”

Winged missiles of the "air-to-ground" and "ground-to-ground" classes most
frequently are designed in the form of an aircraft. There are also rockets of
this class which have axial aerodynamic symmetry.

In the case of ballistic missiles which travel a large part of their con-
trolled path outside the dense layers of the atmosphere where there are virtu-
ally no aerodynamic forces present, the wings are dispensed with,

The control of rockets with axial aerodynamic symmetry is accomplished in
a rectangular (Cartesian) coordinate system.

The resultant lateral (normal) acceleration jn of a rocket, in the case of

Cartesian control, is formed by the creation, by the control components, ot two
independent forces acting in the plane normal to the flight trajectory. For
example, if a rocket has four wings oriented at angles of 90° to one another,
the acceleration characterized by the vector jnl (fig. 1.13a) arises in a case

when accelerations equal to jyl and jzl act in the direction of the axes ory1

and Orzl’ respectively. The vectors jyl and jz are caused by the elevator

1
and the rudder, and strictly speaking do not coincide with the vertical and
horizontal transverse axes of the missile. However, in the first approximation,

when explaining the principle of Cartesian control, this need not be taken
into account.
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Figure 1.13

If at any time of the rocket flight the projection of the target onto the
plane oryl,zl_is at point T, the creation of the required acceleration j,o /30

requires such a deflection of the elevator and rudder that the component jV2
and j,, are formed. ’

A distinguishing characteristic of Cartesian control is the absence of
panking of the rocket (rotation around the longitudinal axis) during
turns. In addition, arbitrary turnings of the body of the rocket about its
longitudinal axis are inadmissible because, in this case, there would be =
change of the direction of the acceleration vector.

Missiles having a plane aerodynamic symmetry are guided in a polar coor-
dinate system. This can be attributed to the fact that the lift vector and,
therefore, the lateral acceleration vector as well are always situated in the
plane of symmetry. For example, when the rocket wings are situated in a plane
normal to the vertical (fig. 1.13b) the acceleration vector jnl’ with an up-

ward deflection of the elevator, will facilitate a climb. If the body of the
rocket is turned by the angle Yy, about the longitudinal axis, the acceleration

vector jn2 forming in the process is displaced by the same angle Yo in relation
to jnl' The projection of the vector jn2 onto the horizontal plane causes

acceleration and, under its influence, the rocket changes its flight course
direction. Figure 1.13b shows that, with a constant value jn2’ an increase of

Yo leads 10 an increase of the intensity of turning on course and a decrease

of the acceleration acting in the vertical plane. The necessary value of the
mnodule ljn2| can be attained by deflection of the elevator.

Thus, by changing the angle of banking, which usually is accomplished by
use of ailerons and deflection of the elevator, it is possible to change the
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Figure 1.14

direction and value of the lateral acceleration of a rocket with plane aero-
dynamic symmetry. The existence of a relationship between the course and
pitching control channels to a certain degree complicates the process of rocket
control.

The control components of rockets bringing about changes of the con- /31

—

e snd direction can be divided into asrodynamic

and gas conleo { g the controlling force acting on the rocket alsc
can be attained by a deflection of the nozzle, the setting of the boosters and
deflections of the principal lifting surfaces situated near the center of

gravity.

. 11 To O
=il ple VL

Among the aerodynamic control surfaces used for rockets which travel only
+he stmosphore there are smcothly moving control surfaces (contrcl surfaces
of the aircraft type) and spoilers (interceptors)

The action of smoothly moving control surfaces is based on a change of
the angles of attack, banking and slip of the rocket. The spoiler is a small
plate set perpendicular to the direction of the longitudinal axis of the
rocket. This plate P (fig. 1.14) undergoes oscillatory motions caused by an
electromagnetic drive; the plate periodically emerges the distance 6., above

the upper and lower surfaces of the wing or fin. When the plate P is in the
upper position the disruption of the air flow gives rise to an aerodynamic
force directed upward. This in turn causes a torque whose direction changes
periodically due to the oscillations of the plate. However, by an appropriate
selection of the frequency of vibrations of the plate it can be arranged so
that the rocket will react only to the constant component Mc of the torque,
equal to

where MM is the maximum torque created by the plate P;
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Tl and T, are the times which the plate remains in the upper and lower
positions;
T = T1 + T2 is the oscillation period of the plate.

It can be seen from this expression that the necessary curvature of the
rocket flight trajectory can be attained by a change of the difference Tl - Tg.
The principal merits of spoilers are their extremely small inertia and the
smallness of the plates themselves and the apparatus causing their motion. At
the same time, such control components increase the drag of the rocket and
become ineffective when there are great flight velocities.

Gas-dynamical control systems are used for rockets flying at altitudes Zgg
exceeding several tens of kilometers. An example of a gas-dynamical system
is the jet vane, which is a shaped plate made of a heat-resistant material and
set within the jet of exhaust gases of the jet engine. When this plate is
turned there is a change in the direction of the gas jet and the rocket there-
fore turns. The use of a gas vane decreases engine thrust. This can be
avolded by replacing the gas vane by a booster placed at the center of mass of
the rocket and ensuring a direct change of the lateral force acting on the
rocket. In the latter case there no longer is a need for intermediate appara-
tus and links for changing the angular position of the rocket axes.

1.4, Principal Requirements Imposed on Control Systems

The requirements to be imposed on a planned control system usually are
developed on the basis of an analysis of the problems which should be solved by
the newly created rocket complex, taking into account the level of development
of technology and also the accumulated experience in the field of production
and operation of similar types of armament. For this reason, in this section,
we will formulate a list of only those requirements which should be taken into
consideration regardless of the type of rocket, control system, engine, etc.

The requirements imposed on control systems can be divided into three
groups:

(1) requirements associated with the problems to be solved by the control
system as a whole and its components (tactical requirements);

(2) operational requirements;

(3) requirements on the design of individual components and elements of
the system,

In accordance with these groups of requirements it is possible to find an

optimal, or close to optimal, type of system and detemmine its technical
characteristics.
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In the first group the most important requirements are assurance of:
(1) the necessary effective range and altitude of the control system;

(2) the stipulated probability of striking the target p determined by

st’?

the ratio of the number of strikes to the total number of launched missiles;

(3) a high flexibility of the tactical use of the guided missile, which
is related to the mobility of the apparatus employed and the possibility of
a rapid change of the direction of rocket launching.

The required effective range of radio control systems is attained by /33
an appropriate selection of the type of electronic apparatus, wavelength
range, strength of radio transmitters, etc.

The probability of striking the target Pt is influenced by a consider-
able number of factors, including:

(1) errors in rocket guidance caused by the maneuvering of the target and
its properties, and also by errors in aiming, imperfection of individual ele-
ments of the control system, etc.;

(2} the weight, type and character of effect of the rocket warhead;

(3) the efficiency of operation and the principle of operation of the
fuse;

(4) the relisbility of operation of the control system in the rocket guid-
ance process;

{(5) influence of both natural and artificial radio interference;
(6) antiaircraft fire of the enemy.

We note that the term "striking of the target" usually means an event in
which the object to which the rocket is guided ceases to perform its function
(is knocked out).

The term guidance error (miss) of a rocket means the value of the deflec-
tion of the center of mass of the rocket from the target in the reference
plane. This plane, frequently called the dispersion plane, should pass through
the target if it is fixed or a set forward (computed) point. The problem of
the orientation of the dispersion plane, which can be quite arbitrary, usually
is solved using as a point of departure the convenience of investigation of the
control systems.

When rockets are guided toward fixed surface and water targets it is
desirable that the dispersion plane coincide with the plane which passes
through the target and is perpendicular to the local vertical. Freguently it
is convenient to pass the dispersion plane along the normal to the straight
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line extending from the control point to the rocket or to the vector of the
relative velocity of approach of the rocket to the target for that specific
time when the control process ends. In the case of such orientation the refer-
ence plane will determine the minimum distance at which the rocket flies past
the target.

An analysis of the factors characterizing Pot shows that the probability

of striking the target is a function not only of the properties of the control
system ensuring the flight cf the rocket in accordance with the selected
coherence, but also a number of other factors not dependent on the designer, or
only slightly dependent. However, this does not mean that the development of a
control system can be accomplished without the cooperation of those who design
the entire complex of rocket control apparatus. As the basis of such coopera-
tion there usually is a reasonable distribution of tolerances for the param-
eters of the elements of the control system complex and for the imposed require-
ments, working on the basis of the attained level of engineering development
and the problem of attaining the stipulated probability of striking the

target Pgt -

Determination of the properties of the targets to be destroyed and the {3&
required value Pyt makes 1t possible to select the type of warhead and fuse and

to impose corresponding requirements on them. This is followed by solution of
the problem of the admissible errors of rocket guidance, the reliability of the
operation of the control system, its noise immunity, etc.

It is customary to characterize the reliability of the control system by
the probability pr that this system will operate faultlessly during the entire

time necessary for rocket guidance.

If no allowance is made for enemy countermeasures other than antiaircraft
fire, as the probability of the target being struck by one missile we have the
following expression

P =D Dp.p s (1.4.2)

where pa is the probability of the rocket reaching the target; Py is deter-

mined by the ratio of the number of rockets reaching the target
without technical failures to the total number of launched rockets;
is the conditional probability of striking the target, computed on
the assumption that the control system operates reliably and that
the rocket is not knocked out by the enemy.

st c

Determination of the probability p N requires a knowledge of the proper- -
st ¢

ties of the rocket warhead, fuse and control system and therefore this must be
done in relation to a specifically formulated problem.
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For example, if an impact-type fuse is used and it is probable that the
target will be damaged only if there is 2 contact between it and the warhead of
the rocket, then Pst o will represent the probability that the center of mass of

the rocket will fall in the contour of the target and its value with a suffi-
cient degree of accuracy can be found using the following expression

Pt =.j‘ WL, 3)dy.dz. (1.4.2)

s)

—~
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Here W(y., z,/ is the dispersion ilaw of the rocket, characterizing the two-

dimensional probability density for the coordinates of the point of the rocket
in the reference plane; S is a region representing the projection of the con-
tour of the target onto the reference plane.

The axes 0¥, and oz, of the coordinate system oy, z,., forming the disper-

Then the coordinates y  and z, entering into expression (1.4.2) represent

the components of the miss h of the rocket, read from the point o of the /35
coordinate system Oy, Z.,. Usually it can be assumed that z, and Yy have a

distriruticon law, This can be atiributl

Q]
[N
"

|

& Taot 5
z_ are caused by a large vumber of approximately egual-

In the absence of a dependence between the miss components Y and Z.s
distributed normally, for determination of W(y,., z,) it is necessary, as is
well known, to determine the mathematical expectatiOns'S(-r and Er and also the
dispersions oi_ and ci for y.. and Z.. In those cases when the control chan-
nels are interconnected, in addition to knowing §r’ Er’ Ui. and 022 in order
to find W(yr, Zr) it is necessary to know the correlation coefficient for the
random values Yy and Z . We recall that the correlation coefficient of two
random values represents the ratio of the covariance Ryz to the product UyUz.

Some groups of targets (such as ground targets) probably are not damaged
only as a result of direct contact with the warhead of the rocket but also
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through the actuation of a contact fuse in some plane region surrounding the
target. Under these conditions S in (1.4.2) should be understood as the projec-
tion of the region of an unconditional impact onto the dispersion plane.

At the same time there can be a dependence of target damage on where the
warhead explodes. In these cases the probability of target damage should be
determined using the following expression

Pet o = 1)/ 00 2) Wy 2)dydz, (1.1.3)

()

where f(yr, Zr) is the conditional probability of striking of the target under

the condition that the detonation of the warhead occurs at the point with the
coordinates Ips Zp
When using proximity fuses which ensure the explosion of the charge both
with a direct hit on the target and at some distance from it, depending on the
work program of the fuse, the problem of computation of Pot ¢ of one rocket

becomes more complex. However, with the approach of rockets with powerful
demolition or nuclear warheads, it is possible to define a zone in which the
hitting of the rocket by the time of ignition of the fuse leads to a virtu-
ally reliable damage of the target. Under this condition the value Pgt o>

in the case of the operation of the rocket against ground (water) and air

targets, is equal to the probability of hitting of the rocket in a two- or
three-dimensional area or space constituting part of the damage zone, If a
proximity fuse and a fragmenting warhead are used, Pt o can be found using

expression (1.4.3) in which f(yy, 2z,) is understood to be the conditional /36

probability of striking the target, determined on the assumptions that the er-
rors of rocket guidance in the reference plane assume the values Yy and 2.
Summarizing the above, it can be concluded that, when the rocket has a
contact or proximity fuse, when computing the conditional probability of
striking the target, it is sufficient to know the mathematical expectations,
dispersions and correlation coefficients for the rocket miss components Iy and

z,, and it is also sometimes required that these same statistical characteris-
tics be known for range guidance errors.

When the rocket has a radio fuse and a directed action warhead, it is dif-
ficult to find pSt o on a theoretical basis even in the case of quite simple

conditions of rocket use. This can be attributed to the fact that the detona-
tion of the rocket warhead as a result of the directed action of the antenna
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of the radio fuse is a function not only of the distance between the rocket and
the target, but also the inclination of the vector v. In addition, it must be
taken into consideration that the warhead does not act in different directions
with the same efficiency. In this connection we will consider only one example
which mekes it possible to obtain some idea of the determination of those
parameters of the control system whose knowledge makes it possible to compute
the probability P o -

As an example we will analyze the flight process of a homing rocket in a
vertical plane on the assumption that the target is fixed and is represented
by point T (fig. 1.15). As a result of the presence of a blind zone in the
coordinator measuring instruments and also of the inertia of the control sys-
tem, it can be assumed :

R S 22 e e a2 B2 2o rlmm s +
eginning with some specific time, wien The Senier
~f mass of the rocket i

(3 1 180 o J
R {fig. 1.15), the flight of the rocket be-

BESENSE0E

e qy of inclination of the velocity vector v to

the straight line RT does not change. We will assume that, at this time, the
distance between the rocket and the target is T and exceeds the effective

a3
Tuge,

(]

range r, of th
The detonation of the warhead of the rocket can occur at point Rl when the

distance r

1 between the target and the rocket is less than or equal to r and

f)

the angle between the vectors v and r, is the value B,., being one of the char-

1
acteristics of the fuse used. From the triangles RAT and RlAT, in which the

side AT = h normal to the straight line RA represents the miss of the target,
we have

h = e sin q = 1y sin . (1.4.4)
We note that the angle q, in expression (1.4.%4) characterizes the /37

error in the position of the vector v, responsible for the miss h.

By solving (1.4.4) relative to r_, we find the following condition for
actuation of the radio fuse 1
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r) = —————— < T,. (1.4.5)

It follcows from this condition that for stipulated values rK and rf the error

qk should fall within specified limits. If e < 300, which is customary and

which occurs in the absence of artificial interference, then

a4k
I‘l A Ty ———— (1.4.6)

- sin Bf
By knowing the probability distribution law for the random value Q. it is

possible to find the probability density W(r ) for the distance r
warhead of the rocket is exploded.

1 at which the

Then 1t is possible to determine the conditional probability of striking
the target Pst o

Dot = j f(r) W(r)dr,

Here f(rl) is the conditional probability of striking the target under the con-

dition that the warhead of the rocket is exploded at the distance r
target.

1 from the

Usually the random value Qe conforms to a normal probability distribution.
Therefore

1 (r ——;,)2
174 _— v
(r2) V 2ra, exp [ 263 ’
where, as follows from expression (1.4.6)
_ A
T =
1 Ksim g’
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and‘Ek and Us are the mathematical expectation and the dispersion of the random
value qj, respectively.
It follows from the derived relations that the admissible values Ek and Ug

should be stipulated when developing the considered type of system. At the
same time it also is possible to stipulate the admissible values of the mathe-

matical expectation h and the dispérsion ai of the miss h, since

sin Bf
and 5
2 °n
0. =——-
. 2
sin
Bf
In conclusion we point out that computation of Pst o for rockets sup- /38
plied with radio fuses can be carried out using expression (1.4.3}), if by
f(yr, zr) is understood a function characterizing the probability of striking

of the target,under the condition that the center of mass of the rocket hits at
a point with the coordinates yr, z., in the reference plane and when all neces-

sary parameters of the radio fuse are taken into account.

It also is of very great importance to ensure the necessary resolution of
the control system. We note that the resolution of the control system usually
is characterized by the minimum distance between two targets at which they are
sensed by the system separately, so that the rocket can be guided to one of the
targets. In actual practice, the resolution of the control system is determined
by the capabilities of the radar system used to separately determine the coordi-
nates of two closely spaced targets.

In the case of insufficient resolution, the following cases are possible:

(1) guidance of the rocket to one of the targets, if the latter reflects
considerably more energy than all the other targets simultaneously entering
into the field of view of the control system;

(2) guidance toward a so-called center of reflection, provided that all
the targets situated in the field of view of the control system have approxi-

mately identical reflective properties.

It therefore follows that when operating against grouped targets, the
resolution exerts an influence on the accuracy of rocket guidance and therefore
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on the probability of striking the selected target. This circumstance should
be taken into account when developing the control system as a whole.

The mobility of control apparatus is related to & considerable degree to
the applied principles of design of the coordinators and the apparatus for
forming and transmitting the commands, the number of available fixed waves,
the required accuracy of rocket guidance, etc.

Another requirement of extremely great importance is the possibility of
rocket guidance when there is both unorganized (natural) and organized (arti-
ficial) radio interference. In a general case the interference leads to an
increase of the miss of the rocket or a total disruption of the guidance
process. The problem of the influence of interference is considered in suf-
ficient detail in the following chapters of the book. In some cases the con-
trol system should be protected against the effect of the most probable and
dangerous interference, even if this considerably complicates the apparatus
and increases its cost.

The most important operational requirements are:

(1) faultless operation of all components of the control system under
particular meteorological and climatic conditions and also despite possible
dynamic overloads;

(2) assurance of a guaranteed service time, a stipulated time of con- /39
tinuous operation and a specified time for the reliable operation of all the
apparatus making up the control system;

(3) speed, safety, objectivity and automation of technical maintenance,
using as a point of departure the reduction of the system to combat readiness

in a specified interval of time and with a high quality;

(4) the absence of any need for employing highly skilled specialists,
which is particularly important in the case of large-scale use of rockets.

Among the principal design requirements are:

(1) simplicity of design and the possibility of its standard production
by enterprises whose workers are not highly skilled;

(2) assurance of free access to individual units;

(3) assurance of convenient placement of the regulation and adjustment
devices;

(4) minimum weight and size, especially of apparatus carried aboard rockets
and rocket-carrying aircraft;

(5) minimum consumption of electrical and other forms of energy;

(6) assurance of high-quality airtightness and cooling of the units in
accordance with the conditions of their Operation.
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When all the above-mentioned requirements are satisfied the control system

can be considered to be planned with technical competence, provided its cost
is relatively low. At the same time it must be remembered that in each specific
case there can be some specific requirements which have nct been considered

here.
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CHAPTER 2. GENERAL INFORMATION ON CONTROL SYSTEM COORDINATORS.
METHODS OF ROCKET GUIDANCE

2.1. Introductory Comments

The coordinators of rocket control systems are devices which measure 1&9
the mismatch parameter, the form of which is determined to a considerable
degree by the type of control system and the rocket guidance method used. For
this reason, it is necessary to first derive mismatch equations for different
types of control systems and different guidance methods. Analysis of these
equations makes possible the determination of the makeup of the primary meas-
uring instruments of the coordinator and to represent in general features the
structure of its computer, which forms the mismatch parameter, on the basis of
data received from the primary measuring instruments.

In the process of rocket guidance the components of the mismatch param-
eter which are to be measured change value continuously. This is caused by the
relative motion of the rocket and the target, and in some cases also the move-
ment of the control point. The formulation of the requirements imposed on the
dynamic properties of the coordinator as a link in the automatic control sys-
tem and computation of its dynamic errors are possible only when the law of
change of the measured values is known. The character of the change of the
values entering into the mismatch parameter for a particular guidance method
is detemmined to a considerable degree by the kinematic equations relating the
relative motions of the rocket, target and control point (if the latter is
present in the investigated guidance system). Therefore, in this chapter we
will discuss both the general principles of design of coordinators and the
derivation of the principal kinematic relations for different guidance methods.

In addition to the controlling effects, the coordinator is subject to the
influence of different kinds of perturbations whose presence also influ- [&l
ences the accuracy of determination of the mismatch parameter. The perturbing
factors for electronic coordinators are: instrument noise of the receivers in
the coordinator, fluctuations of the signal reflected from the target, artifi-
cially created radio interference, etc. For this reason, in the final part of
the chapter we will present some ideas on how rerturbing effects are taken into
account vhen evaluating the accuracy of measurement of the mismatch parameter.

2.2. Mismatch (Error) Equation
The mismatch equation establishes the dependence of the mismatch parameter

on the parameters characterizing the relative motion of the rocket, target and
control point., In general form it can be written as follows

36




A= A[xl(t), xg(t), xs(t), R (2.2.1)

where A is the mismatch parameter and xl(t), xg(t), x3(t)... are parameters
characterizing the relative motion of the rocket, target and control point.

The specific value of xl(t), gg(t), x3(t)... will be determined when dis-
cussing the special forms of the mismatch equation.

Tf the cocherence imposed on the motion of the rocket by the control system

ig satisfied ideally, in the guidance process the mismatch parameter will be
equal to zero, that is

A= 0. (2.2.2)

Equation (2.2.2), being a special case of the mismatch equation, is called the
ideal coherence eguation.

ol > If
at all times the rocket flight pro ory for which
condition (2.2.2) is satisfied, this indicates that there is ideal rocket guid-

snce and the trajectory being followed is the reference or theoretical trajec-
tory. Each guidance method therefore has its own class of reference trajec-

es a guidance method is defined as a method of determining

Tre actual or real rocket trejectory differs from the refer
to the presence of inertia and instrument errors in the cont

C
ue 0l sy
different kinds of perturbations acting on the control system.
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(2.2.3)

where #_ is the given oOT theoretical value of the adjustable value character-
T

4

2zing the relative mction of the target and rocket or the control point, target
.4 rocket Auring the flight of the latter along a reference trajectory, and
T

« *s5 the aciual value of the adjustable value.

¢

The dependence u_ = n_(t) sometimes is called the control function because

in & . oo of control systems it is the key affect for the guidance circuit.




The number of actually used mismatch equations and, therefore, the number
of methods of guidance is limited for the most part by the possibilities of
technical design of the required complex of measuring instruments making up
the coordinator. The selection of a particular guidance method from among
those technically possible is determined by tactical requirements imposed on
the control system.

We will divide the possible reference trajectories into two groups for
convenience in subsequent exposition. The first group includes fixed trajec-
tories and the second group includes unfixed trajectories.

Guidance on fixed trajectories occurs when the target and the launching
point of the rocket are fixed relative to the Earth's surface. It also is
assumed that the coordinates of the target and launching point are known. 1In
such a situation the reference trajectory can be computed in advance (before
the launching of the rocket). It remains constant during the entire time of
rocket guidance.

When a rocket is guided toward a moving and maneuvering target, it is
virtually impossible to compute a fixed reference trajectory in advance because
its character will be essentially dependent on the form of the maneuver of
the target made after the launching of the rocket. Unfixed reference trajec-
tories also are the rule when rockets are guided toward fixed targets from a
moving control point.

2.3. Mismatch Equations for Rocket Guidance along
Fixed Reference Trajectories

The conditions for applicability of the method of rocket guidance along
fixed reference trajectories, noted above, indicate the feasibility of using
this method in the guidance of winged and ballistic missiles of the "ground-to-
ground"” class.

When stipulating the reference trajectory and its principal elements it
is most important to know precisely the coordinates of the target, the launch-
ing point and the control point, if the latter is part of the guidance system.

Since the form of fixed trajectories and therefore the mismatch equa- Z&i
tions will be different for winged and ballistic missiles, below we will
discuss two examples, one of which illustrates the process of guidance of a
winged missile of the "ground-to-ground" class and the second which illustrates
the process of guidance of a ballistic missile of this same class.

Figure 2.1 shows one of the possible reference trajectories of a winged
missile of the "ground-to-ground" class. Here points Oe, T and o, denote the

positions of the launching site, target and rocket, respectively. The origin

of the ground coordinate system OcXeeYecoZee 18 Telated to point o,. The axis
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o) yec coincides with the local vertical and the axis 0,2 is directed to the
C
north.

The reference trajectory of the rocket lies in the plane F., normal to the

O

Earth's surface and passing through the launching point 0% and the target T.
The intersection of the plane RO at the Earth's surface is the arc of a great
circle (orthodrome). The angle formed by the plane R_with the direction to

where Baz is the azimuth of the

north is denoted fy. We have By = 360° - B, ,

target. The trajectory can be broken down into three parts on the basis of
altitude. The segment o,A is the climb, AB is the approach to the target /Lk

and BT is the dive. It is assumed that the principal part of the rocket trajec-
tory AB lies at the constant altitude Eb, although this condition is not man-
datory.

When a winged missile is guided along a fixed trajectory it is most common
to use the method of coincidence of the center of mass of the missile and the
reference trajectory. As a measurement coordinate system for measurement of the
mismatch parameters when using the method of coincidence of the center of mass
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of the rocket with the reference trajectory, it is convenient to introduce the
orthodromic coordinate system O X vy 2. (fig. 2.1), whose origin coincides with

the launching point of the rocket o,. The 0.Y¥,, 8xis colncides with the Ou¥ee

axis of the ground coordinate system and the 0%, axis lies in the plane RO

along the tangent to the orthodrome. In this coordinate system the position of
the rocket is given either by rectangular coordinates (altitude H, lateral
deflection z and horizontal range er) or the following are selected as such

coordinates: flight altitude H, angle of lateral deflection € and slant
range r .

The use of spherical coordinates (slant range r., angle of lateral deflec-

T’

tion € and angle of elevation er) in the case of a low flight altitude of the
rocket is infeasible due to the difficulty in controlling the small angle €.

Theoretically it also i1s possible to use a geographical coordinate system for
measurement of the mismatch parameter. In such a system the position of the
rocket is determined by altitude H, longitude A and latitude . However, the
use of this coordinate system results in an appreciable complication of the
coordinator computer.

The mismatch equations for the principal segment AB of rocket guidance
along a fixed trajectory can be written in the form (2.2.3), assuming that the
stipulated valueg of the adjustable values characterizing rocket flight along
the reference trajectory are equal for the rectangular coordinates of the
rocket ¥ _=H ,un =0, u =1 . The actual values of the mentioned param-

TH 0 Tz Tr re

eters will be equal respectively to: u _ =H, n,. =12z, n_ =71 .
oH oz or rX

Then the mismatch equations assume the form

AH:HO—H)
A, =—2%, (2.3.1)
& =g Ty

If we select Mg = HO. Ape = O and App = Top 88 the stipulated values of

the adjustable parameters, where rsr is the slant range to the point B of tran-

sition of the rocket to a dive, and the actual values of these parameters are
assumed equal to g T H, Hye = € and Hyp = Tpo respectively, the mismatch

1
equations are written in the form

Lo




AH:HO—H;

A(‘ ==y,

(2.3.2)
Argy =Ty Fr-

Analysis of equations (2.3.1) and (2.3.2) shows that the controlling Ju5
functions for the principal part of the fixed trajectory are constant
values (in a special case, zero). Equations similar to {2.3.1) and (2.3.2)
can be written for the ascent and dive parts of the trajectory; in this case
it is necessary to take into account only the change of the stipulated altitude
of rocket flight with time.

The system of equations (2.3.1) can be considered as the combination of
the projections of the mismatch parameter vector onto the axes of an ortho-
dromic coordinate system.

Then

A= Ari + AHj + Azk,

where i, j, k are the unit vectors of the coordinate system O, X vy, Z..

2) that the coordinator should

— A e ~ riimdt tmme D kR " o
T+ follows from eguaticns {2.3.1) and {2.2.2) th £

contain three measurement channels (altitude, lateral deflection and remaining
range) for measurement of the components of the mismatch parameter A. We note
that only the components of the mismatch parameter of the lateral deflection
and altitude channels are used in forming the controlling signals fed to the
control components of the rocket for maintaining it on its reference trajec-

tory. However, the component of the mismatch parameter measured in the range

channel is used for producing the command for the transition of the rocket
into & dive or into a homing regime when it reaches point B of the trajectory,
when the actual range to the rocket becomes equal to the stipulated range and
the component of the mismatch parameter of the remaining range channel be-
comes equal to zero. This circumstance is due to the absence of effectively
operating systems of control of the value of the velocity vector of winged
missiles (ref. 22).

If only those components of the mismatch parameter on the basis of which
signals are shaped for the control of a rocket in the horizontal and vertical
planes are taken into account, the mismatch parameter can be represented in
the form of a two-dimensional (complex) vector in the reference plane, that is,
the plane passing through the center of mass of the rocket normal to its
flight trajectory, assigning to the vertical component of the mismatch param-
eter the imaginary unit

=\/-_l.,

Caie

Then

>4
i

AZ + jAH.
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When a rocket is guided along a fixed trajectory each coordinator channel
usually has its measuring instrument which operates independently of the meas-
urement instruments of other channels. Therefore, the representation of the
mismatch parameter in the form of a vector or complex value, to a considerable
degree, has a formal character and is done exclusively for generality.

After establishing what values should be measured for determination [&é
of the mismatch parameter during the guidance of a winged missile along a
fixed trajectory we determine the apparatus which can be used for making these
measurements.

Radio altimeters and barometric altitude sensors are used as altitude sen-
sors during rocket flight. The latter have preference over radio altimeters
due to the simplicity of design and their reliability of operation. In addi-
tion, the use of barometric altitude sensors makes it possible to have hori-
zontal rocket flight, regardless of the character of the terrain over which
the rocket is flying. ZFor formation of the mismatch parameter of the altitude
channel the signal from the output of the altitude sensor (in the form of a
voltage or current) is compared with the signal of the altitude corrector,
whose value is proportional to the stipulated flight altitude HO' The alti-
tude corrector is adjusted before the rocket launching. The difference of the
signals received as a result of the comparison is used as the measured value
of the mismatch parameter of the coordinator altitude channel.

Measuring instruments of different types are used for measurement of
lateral deflection. They can be divided into three groups:

(1) nonautonomous electronic (angle-measuring, angle-measuring— range-
finding, range-finding, add-subtract— range-finding);

(2) autonomous (autonomous electronic, inertial, celestial navigation
measurement instruments, and those based on the use of ground features);

(3) combined.

A description of the principles of design of the mentioned measurement
instruments and an analysis of their operation are given in the chapters which
follow.

The formation of the mismatch parameter in the remaining range channel
usually is accomplished using measurement instruments of the same types as
used in the channel for measurement of lateral deflection.

The form of the reference trajectory of a ballistic rocket differs from
the trajectory of a winged missile discussed earlier; this is due to the dif-
ference of the coordinators of missiles of the mentioned types.

Figure 2.2 shows the flight trajectory of a close-range ballistic missile.

Here the origin of the ground coordinate system OXecYecZec coincides with the
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launching point o,. The reference trajectory of the rocket lies in the plane

of the measurement coordinate system 0.X turned in the horizontal

OcXm¥m mYm%m?

plane relative to the ground coordinate system in such a way that its axis

3 3 = +ha 1 S S 4L V3. ML 4 P e
[ 394 eoincides with he “_&“Ch_fl,ﬂ PoInNT- """'F.,Ev L1C. Pl ots rOV.Lu-LLJL of the tar-

get in a ground coordinate system is given by the angle BO and the range rt.
The rocket trajectory (curve oCAT) consists of two parts: active ocA

(a comparatively small part of the trajectory which the missile travels with
engine operating), and passive AT (where the missile flies with the engine

nonope + 3 -
i

1onoperative ).

The rocket flies a large part of the passive part of the trajectory Z&I
along a computed ballistic trajectory (the trajectory of a free projectile)
under the influence of the initially applied force and the force of gravity.
In the case of close-range missiles the ballistic trajectory is close to a
parabola. Long-range missiles, including intercontinental missiles, fly along
trajectories close to an elliptical curve representing part of an ellipse, one
of whose foci is situated at the center of the Earth. This trajectory differs
from a ballistic trajectory only at the end of the passive part as a result of
deceleration of the rocket during its entry into the dense layers of the
atmosphere.

The active part of the trajectory in turn can be divided into three parts:
the launching segment o.a, the control segment ab and the segment with engine
inoperative bA.

In the launching segment the rocket moves vertically upwards, which de-
creases the time it moves in the dense layers of the atmosphere and therefore
decreases the expenditure of energy in overcoming air resistance. Several
seconds after launching, on commands received from the control system, the
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longitudinal axis of the rocket begins to turn in the direction of the target
and the trajectory becomes curved. When the parameters of rocket motion
attain the computed values, a command is fed for cutting out the engine.

Rocket flight in a ballistic curve begins after the engine becomes inoperative.

By establishing the character of the reference trajectory of the ballistic
missile it is possible to obtain expressions for the mismatch parameter and
determine the complex of apparatus making up the coordinator.

The flight distance of a close-range ballistic missile Tys with some sim-

plifying assumptions (absence of air resistance, replacement of the Earth's{h8
surface by a plane, etc.), can be computed using the known formula

an sin 29in
r, = . (2.3.3)
g

Here Vin and ein represent the velocity of the rocket and the angle formed by

the velocity vector and the horizontal plane, respectively, at the time the
engine becomes inoperative.

It follows from expression (2.3.3) that a change of the firing range is
attained by variation of the values Vin and ein'

It follows from the above that the rocket hits the target if there is
lateral pointing (the actual trajectory of the rocket will lie in the vertical
plane 0 X passing through the launching point and the target) and the engine

will become inoperative at the time when the values of the initial velocity
Vip @nd angle 6;, attain those values at which the range of the striking point

of the rocket will be equal to the range of the target r We note that when

£°

stipulating the reference trajectory of a long-range rocket it is necessary to
take into account the Earth's curvature and rotation.

For control of lateral pointing it is necessary to determine the lateral

deflection of the rocket from its reference trajectory in the active part of

the flight. This problem is solved by the coordinator lateral deflection
channel .

The equation for the mismatch parameter of the lateral deflection channel,
as in the case of guidance of winged missiles, can be represented in the form

or (2.3.4)
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where z is the linear deflection of the rocket from the plane in which the
reference trajectory lies; € is the angular deflection of the rocket from this
same plane.

Coordinators of the angle-measuring, add-subtract— range-finding and iner-
tial types are in practical use for measurement of the lateral deflection of a
balligtic missile, as well as measuring instruments based on use of the Doppler

effect.

The functions of the range channels of the coordinators of ballistic and
winged missiles differ from one another. Whereas in the control systems of
winged rockets the role of a coordinator range channel is reduced essentially
t0 the recording of the remaining range of the rocket, on the basis of the
measurements made in the range channel of the coordinator of a ballistic rocket
the initial flight range itself is set.

It follows from formula (2.3.3) that the stipulated range of striking of
the target Ty = Ty is attained in a case if at the time of deactivation of the

engine there is a rigorous correspondence between the value of the initial /49
velocity vy, and the angle of its inclination 6,_. It therefore would appear

=n
Lra

that the coordinator range channel should conisin a unified system for measure-
ment of the value and position of the velocity vector of the rocket, In prac-

tice, however, the range channel can consist of two different measurement sys-
tems, functionally unrelated to one another, which simplifies the design of the
coordinator. The admissibility of such separate wmeagurvement of the value of
the velocity vector and its angle of inclination can be Justified by the fol-
lowing considerations. Formula (2.3.3) shows that the maximum value of the
range of the point of striking of the rocket for s given initial velocity oc-
curs when sin = 459, The trajectory of a rocket with €y = 450 sometimes is

called an optimal trajectory, since moving along it the rocket covers the
stipulated range with a wminimum initial velocity, and therefore with a mini-
mum possible expenditure of fuel. We note that when the curvature of the Earth's
surface is taken into account the optimum angle of inclination of the velocity
vector differs somewhat from 450 and is dependent on the velocity Vin-
The process of rocket guidance tends to be organized in such a way that
rocket flight trajectories will be close to optimal. If the condition of the
closeness of the trajectory to an optimal trajectory is satisfied, the influ-
ence of inaccurate setting of the angle ein on the error in range is insignifi-

cant. In actuality, by computing the differentials of both sides of equation
(2.3.3) and converting to finite increments, we obtain

Aro Av, Ae.n
—_— 2,0 LS (2.3.5)
r v, tan 20,

0] in in
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In the case of an angle ein close to optimal, the value of the second

term is increasingly small. Therefore, two functionally independent systems
can be used for control of the flight range of a ballistic missile. One of
these is used for the programmed change of the angle 6 and the second for
measurement of the current velocity value.

The program for the change of the angle 6 is prepared on the basis of the
approximately known law of the change of the velocity of the rocket with time.
Therefore, by the time the engine becomes inoperative the angle 8 attains a
value close to optimal. Since the angle of attack for ballistic missiles does
not exceed several degrees, the angle of inclination of the velocity vector can
be considered approximately equal to the angle of inclination of the longi-
tudinal axis of the rocket to the horizon, that is, to the angle of pitching ¥
(in figure 2.2 the longitudinal axis of the rocket is denoted orxl). Then the

system for change of the angular position of the rocket can be arranged in the
following way. Several seconds after the launching (the time required for the
rocket to pass through the launching part of the trajectory) the programming
mechanism is cut in and produces the programmed value of the change of the
angle of pitching ﬁpr' The actual value of the angle of pitching ¢ is meas-

ured with a gyroscopic transducer. On the basis of a comparison of the actual
and programmed values of the pitching angle a signal is shaped and fed to 129
the control components. By deflection of the control surfaces the longi-
tudinal axis of the rocket changes its angular position. Therefore, the mis-
match parameter of the apparatus for change of the angular position of the
rocket of the coordinator range channel can be written in the form

Ay =9 __ - D (2.3.6)

In addition to apparatus for the change of the angular position of the
rocket, the coordinator range channel should contain apparatus designed for
measurement of the current velocity v of the rocket and its comparison with
the stipulated value of the initial velocity Vi When the current velocity

of the rocket becomes equal to the stipulated value, a command is produced for
deactivation of the engine. The mismatch parameter of the system forming the
command for deactivation of the engine has the form

A = v - v. (2.3.7)

The current velocity of the rocket is measured by inertial measurement
systems and electronic apparatus based on use of the Doppler effect. In an
inertial measurement system for velocity measurement, the signal received from
the accelerometer, oriented properly in relation to the longitudinal axis of
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the rocket, is fed to an integrator. A voltage appears at the output which is
proportional to the welocity of rocket flight. In the comparison circuit this
voltage is compared with the voltage from the master oscillator, whose value
is set prior to the launching of the rocket, using the required flight range
as a guide.

One of the variants of an electronic system for deactivation of the engine
includes: a surface receiver-transmitter, a responder aboard the rocket and
a control command radio link (ref. 4). The signals from the surface transmit-
ter are received aboard the rocket and are reradiated by the responder. The
response signal is received by the surface station receiver. Obviously, the
frequency of the received signal differs from the frequency of the transmitted
signal by the value of the Doppler frequency shift. By measuring the mentioned
shift it is possible to determine the velocity of withdrawal of the rocket
from the ground station. When this velocity becomes egual to the stipulated
value, a command is transmitted through the control command radio 1link for
deactivation of the engine.

2.k, Kinematic Equations for Rocket Guidance
along Fixed Reference Trajectories

In order to impose requirements on the dynamic characteristics of any
measuring instrument, including a coordinator, it is necessary to know the law
of change of the measured values. With relation to the coordinator of a
guided rocket this means that, even before beginning the planning of a 121
coordinator, it is desirable to have data on the character of the change of
the mismatch parameter, at least for the most typical cases of rocket use.

Since the mismatch parameter represents the difference between the stip-
ulated value of the adjustable value, which can be constant (in a special case
equal to zero) or change in conformity to a known law, and its actual value,
some idea of the character of its change can be obtained if the laws of change
of these values are known. Since the character of change of the stipulated
valtue of the adjustable value is known, it only remains to determine the laws
of change of its actual value, which is dependent on the actual rocket flight
trajectory.

The trajectory of a winged rocket during its flight in the unperturbed
atmosphere can be determined if the law of change of the value and direction
of the air velocity vector with time is established.

The position of the velocity vector in a moving coordinate system
0X V.. Z (fig. 2.1), whose axes are parallel to the corresponding axes of

rrm’ ™m rm
the measurement coordinate system 0 oXyYmZm? is given by the angles Qv and Qh,

where Gv is the angle between the direction of the velocity vector and its

projection onto a horizontal plane (angle of inclination of the trajectory)
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and 6h>is the angle between the projection of the velocity vector onto a
horizontal plane and onto the axls OyXyy (the turning angle of the trajectory).

The relationship between the parameters characterizing the rocket trajec-
tory (v, Gv, eh) and the above-mentioned adjustable value is set by a kinematic

equation. Thus, if the law of change of the parameters v, GV, Gh is found and

the kinematic equation is determined, the character of change of the mismatch
parameter also becomes known. However, here one apparent difficulty arises:
it is impossible to obtain the real law of change of the values v, 6., 6y

without investigating the control system, as a whole, as a :losed automatic
control system. It therefore would appear impossible to formulate requirements
on the dynamic properties of the coordinator until the rocket control system is
fully planned. There is a solution of this problem because usually some
1limiting values of the parameters characterizing the actual rocket flight
trajectory are known. For example, as such a parameter it is possible to use
the maximum value of the projected overloads. By stipulating this value it is
easy to determine the limiting value of change of the mismatch parameter,

which is extremely important when evaluating the dynamic properties of the
coordinator.

As an example we will consider the kinematic equations corresponding to
guidance of a winged missile along a fixed trajectory. The kinematic equation

for motion of a rocket in a vertical plane has the form [52
dH _ ;
e v sin @, (2.4.1)

where H is the flight altitude of the rocket.

If the angle of inclination of the trajectory 6, is small, with a suffi-
cient degree of accuracy it can be assumed that

%%:u Ve, . (2.4.2)

The relation (2.4.2) is reflected in the block diagram by a kinematic
link. The transfer function of such a link, written in symbolic form, will be
equal to

H(t) _

Gv(t) = —. (2.4.3)

wH/G(D) -

ol

Above and below the letter D is the symbol for differentiation of é%.
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Expressions (2.3.1) and (2.4.3) were used in constructing the block dia-
gram (fig. 2.3) illustrating the formation of the mismatch parameter of the
altitude measurement channel. Figure 2.3 shows that the kinematic equation
adds one integrating link to the control system block diagram.

Since the transverse load factor when a rocket moves in a vertical plane
is expressed by the formula

by differentiating (2.4.2) and assuming v = const, we will have

2
— & gn... (2.4.k)
at? Y

s}

By substituting the maximum value of the projected load factor into equa-
tion (2.4.4) and using relation (2.3.1) it is easy to obtain the limiting value
of the change of the mismatch parameter of the altitude measurement channel.

The kinematic eguation for rocket motion in a horizontal plane has the/53
form

== v cos 8y sin 6, (2.4.5)

where z is the lateral deflection of the rocket from the reference trajectory.
If the angles 6, and 6y are small, then

dz
(—i-%-% Veh. (2.)4.6)

Introducing the load factor for lateral deflection, equation (2.4.6) can
be represented in the form (2.4.L4).

The transfer function of the kinematic link during motion of a rocket in
a horizontal plane is expressed by the formula

z(t) v
6,,(t) D

wz/G(D) =

kg




v
J/

Figure 2.3 Figure 2.4

Figure 2.4 shows a block diagram clarifying the formation of the mismatch
parameter of the lateral deflection channel.

In the same way it is possible to obtain a kinematic equation for the
guidance of ballistic missiles.

2.5. Methods of Rocket Guidance along
Unfixed Reference Trajectories

In the case of guidance of rockets along unfixed trajectories it is pos-
sible to speak only of a class of reference trajectories determined by the
guidance method used, since the position of each of the reference trajectories
of a particular class is dependent on a number of conditions which cannot be
taken into account in advance (maneuvering of the target, initial launching
range, etc.). The coordinator, therefore, checks the satisfaction of the
coherence imposed on the motion of the rocket, not on the basis of the deflec-
tion of the rocket from its reference trajectory, but on the basis of the
deviation of some parameter characterizing the relative position of the rocket
and target from its stipulated value. The certain degree of freedom in selec-
tion of such parameters leads to an increase of the number of possible
methods for guidance of rockets along unfixed trajectories.

As a convenience we divide methods of guidance along unfixed trajectories
into two groups:

(a) two-point methods, determining the relative position of two points--
rocket and target;

(b) three-point methods, determining the relative position of three
points--rocket, target and control point.

Two-point guidance methods are used in homing and command control systems
and three-point methods are used in command control and radio zone (beam-
riding) guidance systems.

The most well-known methods in the first group are:
the direct guidance method;
the vane guildance method and the pursuit curve guidance method; {5&

(1)

(2)

(3) the parallel approach method;

(4) the proportional guidance method.
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Included in the second group are:

(1) coincidence with the target method;
(2) coincidence with a forward point method.

2.6. Two-Point Guidance Methods

In two-point guidance methods, coherence is imposed on the control system
with respect to the position of the longitudinal axis of the rocket or its
velocity vector in relation to a line connecting the rocket to the target or
to some direction fixed in space. The specific form of coherence is estab-
lished by the mismatch equation corresponding to the particular guidance
method.

1. Direct Guidance Method

The direct guidance method requires that during the entire time of the
rocket flight its longitudinal axis coincides with the rocket-target line.
Therefore, in the direct guidance method, coherence is imposed on the position
of the longitudinal is of the rocket. We will obtain a mismatch eguation
for the considered guidance method. We will assume first that the guidance is
accomplished in some single plane, such as a vertical plane. This case is
illustrated in figure 2.5. In this figure the point OL.» situated at the cen-

ter of mass of the rocket, coincides with the origin of the nonrotating coor-
dinate system OrXorYer whose axes are parallel to the corresponding axes of a

ground coordinate system, The axis OpXq is directed along the longitudinal

axis of the rocket. The position of the target (point T) in the coordinate
system OpXoyYor is given by the range vector r (its module r and the angle €

formed by the vector r and the axis Orxer)' The angle between the longi-

tudinal axis of the rocket and the range vector is denoted y. The position
of the velocity vector v of the rocket is characterized by the angle 6. The
difference between the angles ¥ and 8 is the angle of attack a¢. In accor-
dance with the definition of the guidance method the mismatch equation is
written in the form

AY = v. (2.6.1)

Using the relationship between the angles €, & and y it is possible [22
to write the mismatch equation in the form (2.2.3) if it is assumed that

My = € and ny = 3,

AY =€ - &, (2.6.2)

51



Figure 2.5

It follows from expressions (2.6.1) and (2.6.2) that the mismatch param-
eter can be determined either by the direct measurement of the angle ¥y or by
the separate measurement of the angles € and ¢ with subsequent subtraction of
the measurement results.

The advantage of the first method for determination of the mismatch param-
eter is the relative simplicity of the design of the coordinator required for
its realization. In this case it consists of an electronic angle-measuring
apparatus whose antenna system is attached rigidly to the body of the rocket
and which is oriented along its longitudinal axis. The signal at the output
of such an apparatus will be proportional, in certain limits, to the angular
deviation of the target from the longitudinal axis of the rocket and its sign
will be dependent on the direction of deviation of the target.

The output signal of the coordinator is sent through the automatic pilot
to the control mechanism of the rocket. Deflection of the control surfaces
leads to a change of the angular position of the longitudinal axis of the
rocket and, therefore, to a change of the position of the antenna system of
the coordinator relative to the target. This change should be such that the
mismatch parameter tends to zero. The latter is achieved by appropriate
orientation of the axes of the measurement coordinate system On¥mYmZm» Whose

position is determined by the installation of the coordinator relative to the
body of the rocket and its adjustment. The axis Om¥m of the measurement

coordinate system is directed along the longitudinal axis of the rocket and
the axes °nYm and Ou?m should be situated in the control planes of the rocket

R, and Ry (fig. 2.6), which in turn coincide with the planes 0,X,2, and 0 X

1%1 191

of the related coordinate systen.

If the mentioned conditions are satisfied, the coordinator will meas- {56
ure the two components of the mismatch parameter

A=1, }

A’ly:Tyx (26-3)

52




Figure 2.6

where vy, and yy are the angles between the axis OpXm and the projections of
the rocket-target line in the planes R, and Ry, respectively.
A signal proportional to Ayz is used for control of the motion of the

rocket in the plane R, and a signal proportional to Ayy for control of the

motion of the rocket in the plane Ry. In the case of the small angles Y, and
yy, the two scalar equations (2.6.3) can be replaced by one complex equation,

if the component of the mismatch parameter in the plane R_ is arbitrarily

y
assigned the imaginary unit j=V —1 . Then

A, =1,+ j1,=1e", (2.6.4)

where 1==l/7§ﬁ—1§ is the module of the mismatch angle; © is the phase angle
of the target, read from the plane Rz‘

Since the measurement coordinate system is rigorously related to the body
of the rocket, the absence of automatic banking stabilization on the rocket
does not lead to a disruption of control because, with the appearance of
banking, there is a simultaneous turning of both the control planes and the
axes of the measurement coordinate system. At the same time, the turning of
the axes of the measurement coordinate system relative to the control planesg
(the so-called twisting of the coordinate system) causes the appearance of
cross connections between the control chamels which results in a disruption
of the normal operation of the control system.

2. Vane Guidance Method and Pursuit Curve Method

In the vane guidance method and in guidance along a pursuit curve the
coherence imposed on the rocket is as follows: during the entire time of
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Figure 2.7

guidance the rocket-target line should coincide with the alr velocity vector
(in vane guidance) or the true velocity vector (in guidance along a pursuit
curve). .Both methods coincide when the rocket moves in an unperturbed

. atmosphere.

- Figure 2.7 shows the principal geometrical relations in the case of
rocket guidance in a vertical plane. The rocket velocity vector v 1Is situated

at the angle 6 to the horizontal axis 0, Xeap of a nonrotating coordinate system

whose origin coincides with the center of mass of the rocket and forms the
angle q with the range vector r. The target moves with the velocity Vt'

The
position of the vector vi in relation to a nonrotating coordinate system /57
Otxétyet’ whose origin is at the center of mass of the target, is given by the

angle Ot. The remaining notations are the same as in figure 2.5.

By definition the mismatch parameter is equal to

Aq = q. (2.6.5)

The mismatch equation (2.6.5) also can be written in the form (2.2.3) if
the angle of inclination € of the range vector and the angle of inclination 6 of
the trajectory are used as the stipulated and actual values of the adjustable
parameters, respectively. Then

A =¢ - 6. (2.6.6)
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Finally, using the relationship of the angles g, y and a it also is pos-
sible to obtain the following form of writing the mismatch equation for the
vane guidance method

Aq =Y+ (2.6.7)

| Different variants of technical design of a coordinator are possible in
 the vane guidance method in accordance with the different forms of writing of
the mismatch equation. In a coordinator with a power vane, the antenna of the
 electronic angle-measuring instrument is set on a platform which is movable
~relative to the body of the rocket. The angular position of the platform is
changed by a servosystem whose transducer is the vane apparatus. The vane is
a plate which is oriented freely in the oncoming flow {in the direction of the
rocket air velocity vector). The turning angles of the plate are determined
by a potentiometer. The voltage from the potentiometer is used as a control-
ling signal of the servosystem. Since the plate of the vane is set in the
oncoming flow, the axis of the antenna of the angle-measuring instrument also
will be set In the direction of the vector v. The signals from the output of
the electronic angle-measuring apparatus, proportional to the deviation of the
target from the axis of the antenna system, act through the automatic pilot on
the contirol surfaces of the rocket. This coordinator forms the mismatch param-
eter in accordance with formula (2.6.5).

With transition of rocket control in a single plane to its control in
space it is necessary, as in the direct guidance method, to have matching of
the axes of the measurement coordinate system and the control planes. If ‘Zéé
there is such matching, the controlling signals sent to the control surfaces
will be proporticnal to the corresponding components of the mismatch parameter
qu angd Aqy and the mismatch parameter itself, in the case of small angles a,

and qy,carxbe written in the form
(2.6.8)

The coordinator measuring the mismatch parameter in two mutually perpen-
dicular planes in accordance with formula (2.6.7) consists of an electronic
angle-measuring apparatus whose antenna is fixed relative to the body of the
rocket and is oriented along its longitudinal axis and transducers for the
angles of attack and slip. Vane apparatus or accelerometers can be used as
transducers for the angles of attack o and slip Qg - Since such a coordinator

contains two types of measuring instruments, it is necessary that their coor-
dinate measurement systems be matched with one another and with the control
planes of the rocket. Satisfaction of the matching conditions makes it pos-
sible to represent the mismatch parameter in the complex form

Ay = (v, + a) + 3y, + a). (2.6.9)
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The so-called method of guidance with a constant deflection angle is
related closely to the vane method; in essence it is a further development of
the vane method. In rocket guidance by the constant angle of deflection
method it is necessary that some constant, earlier set angle 4 be maintained

between the vectors r and v. The mismatch equation for one control plane has

the form

- q. (2.6.10)

The realization of the constant deflection angle guidance method is possible
using the same apparatus as for the vane method. The deflection angle is set
either by additional turning of the antenna by the value dg OT by the intro-

duction into the measured value of the mismatch parameter of an additional
signal proportional to qg-
3, Parallel Approach Method

In the parallel approach method in the guidance process, the rocket-target
line remains parallel to its initial position. When this requirement is
satisfied the relative velocity vector of the rocket, equal to Vo =V - Yy,
will be directed at the target.

The mismatch equation for the motion of the rocket and target in a /59

single plane is written as the condition of plane-parallel movement of the
range vector r, that is

A, = €, (2.6.11)

where € is the angular velocity of rotation of the rocket-target line (range
vector).

The parallel approach method is one of the deflection guidance methods.
The required law of change of the angle of deflection can be obtained from the
condition of equality of the projections of the velocity vector of the rocket

and the velocity vector of the target onto the normal to the rocket-target line
(fig. 2.7). Then

v sin A = Vi sin qy. (2.6.12)

Here Ap is the required deflection angle and Q4 is the angle between the con-

tinuation of the rocket-target line and the velocity vector of the target.
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By solving equation (2.6.12) relative to 9, we obtain

v
qp = are sin (:; sin qt) . (2.6.13)

The mismatch equation is reduced to the form {(2.2.3) if it is assumed that
Mp = € - Qp and ny = g,

A

Y AL T
. = € - arc sin (;7-s1n qt) - 0. (2.6.1%)

In the practical realization of a coordinator for a rocket guided by the
parallel approach method, it is preferable to use the mismatch equation
‘ (2.6.11). This means that the coordinator should measure the angular velocity
i of rotation of the range vector. As will be pointed out in chapter 3, the
angular velocity of rotation of the rocket-target line can be measured with an
electronic tracking angle-measuring instrument. Such a coordinator automati-
cally tracks the target in direction, regardless of the motion of the body of
the rocket.

When setting the necessary orientation of the axes of the measurement
coordinate system the following complex form of writing the mismatch parameter
is correct

Aé=€Z

(2.6.15)

+ jey,

where éz and éy are the components of angular velocity of the rocket-target

line in the corresponding control planes.

4k, Proportional Guidance Method

The proportional guidance method requires that the angular velocity of
rotation of the velocity vector of the rocket be proportional to the angular
velocity of rotation of the rocket-target line. During guidance of a [ég
rocket in a vertical plane the mismatch equation has the form

A = aé - 6, (2.6.16)

2]

where a is the proportionality factor.

5T




The first term on the right-hand side of equation (2.6.16) represents the
required value of the adjusted value KT = a¢ and the second its real value

na= 6.

Proportional homing, like parallel approach, is one of the group of con-
trol methods with a variable deflection angle. In the case of ideal guidance,
the law of change of the required deflection angle qT,is determined from equa-

tion (2.6.16) if it is assumed in it that A; = O. Then

éT = (1 - a)e.

In contrast to the parallel spproach method, whose ideal satisfaction
requires of the control system an instantaneous elimination of the rotation of
the rocket-target line, in proportional guidance the requirements on the con-
trol system are less rigorous because its role essentially involves only a
decrease of the angular velocity of rotation of the line of sighting.

Measurement of the mismatch parameter in rocket guidance by the discussed
method is accomplished by a coordinator which contains two types of measuring
devices. One of these is an electronic scanning angle-measuring instrument
which measures the angular velocity of the rocket-target line and the second
measures the angular velocity of rotation of the velocity vector of the rocket.
Such a measuring device can be designed on the basis of a normal acceleration
sensor (accelerometer).

The mismatch parameter during the guidance of a rocket in space is written

in the form

By = (aé, - 6,) + j(aéy -6.). (2.6.17)

Y

Formula (2.6.17) is correct provided there is matching of the measurement
coordinate systems with the control planes.

We mote in conclusion that equation (2.6.16) is the most general form of
the mismatch equation for those two-point guidance methods in which coherence

is imposed on the position of the velocity vector of the rocket.

In actuality, by integrating (2.6.16) we obtain

AG = ae - 6 + dgs (2.6.18)

where 95 is the integration constant.
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When a = 1 and 9 = 0, the expression (2.6.18) represents the mismatch
equation for the vane guidance method, and when qO = const and a = 1, for the

method of guidance with a constant deflection angle. Finally, the ideal lé;
coherence equation for the parallel approach method € = 0 is obtained from

the ideal coherence equation for the proportional guidance method if it is
assumed in the latter that a = =.

2.7. Kinematic Equations for Two-Point Guidance Methods

The role of kinematic equations in the guidance of rockets along unfixed
trajectories differs somewhat from their role in guidance systems for fixed
trajectories. We recall that in the guidance of rockets along fixed trajec-
tories the functions of the kinematic relations were reduced to the formation
of the real value of the adjustable value on the basis of data characterizing
the flight trajectory of the rocket, and the stipulated value of the adjustable
value remained constant or was changed in accordance with the program. In the
case of a moving target or a moving control point, which is characteristic of
guidance methods for unfixed trajectories, the kinematic equations are used for
forming both the real and the stipulated values of the adjustable value.

The relative movement of two points (rocket and target), moving in the
same plane with the velocities v and vy (fig. 2.7) is described by the follow-
ing kinematic equations

r= 'U_t Cos qt_ ’UCOS(_],‘

re=vsing — v, sing,
€

| (2.7.1)

or

r:__—_’vtcos(e — &) —vcos(s —0),
e v sin (¢ — 0) — v sin(e — 6t) . (2-7-2)

- r

The first equation of system (2.7.2) establishes the dependence of the
velocity of approach of the rocket to the target on the velocities of the
rocket and target and their orientation relative to the range vector. The sec-
ond equation defines the angular velocity of the rotation of the rocket-target
line as a function of the values and orientation of the velocity vectors of the
rocket and target and also the distance between them.

The qualitative aspect of the process of formation of the mismatch param-
eter for any guidance method can be traced by limiting ourselves to the case of
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small angular deviations of the velocity vectors of the rocket and target rela-
tive to the range vector. Assuming that cos(e - 6) ~ 1, cos(e - et) ~1l, /62

sin(e - ) ~ € - 0 and sin(e - 84) ~ € - 6., We obtain

r= Ve -V, (2.7.3)
rée = v(e - 9) - vt(e - 6,). (2.7.4)

We transform (2.7.4) tothe form
ré + (vy - v)e = v 0, - V6. (2.7.5)

After replacing the difference v, - Vv by its value from (2.7.3) we find
that

I‘é + i‘e = Vtet - V6. (2.7.6)
But
TE + T€ = dgﬂf)
Then
d(re)
e vtet - Vo, (2.7.7)

or, using the symbolic form of writing, we finally find

v
r€=—Ee -
D

£ 6. (2.7.8)

gl«

On the basis of equations (2.7.8), (2.6.2) and (2.6.6), figure 2.8 shows
block diagrams illustrating the process of determination of the mismatch
parameters AY and Aq.

We will note some special features of these diagrams. As follows from
figure 2.8, the kinematic relations for two-point guidance methods break down

v
into three links. One of them, with the transfer function Wet(D) = E;’ trans-

forms the external control effect of the guidance system, which in the
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considered case is the inclination of the trajectory of the target Gt. The

. e e - . 1 :
+wo others, with The tTransier cous bant k. = — and the transfer function
b T r

WG(D) = %, enter the control circuit, changing its properties. A particularly

strong influence is exerted by the link with a transfer constant inversely pro-
portional to the rocket-target range. A sharp increase of this constant near
the target can cause the control system to be incapable of processing the rapid
increase of the value of the mismatch parameter and the guidance process 1@;
will be disrupted until the rocket reaches the target.

Dizgrams cimilar to figure 2.8 sre easy to obtain for the parallel ap-
proach and proportional guidance ethods as well. This requires differentia-
tion of cxpression {2.7.6) for time and multiplication of the resulting equa-
tion by range r. Then we will have

d(rce) : ;
St v r6, - vro. (2.7.9)

In the derivation of (2.7.9) it was assumed that the velocities of the
rocket and target are constant.

Figure 2.9 shows block diagrams of the formation of the mismatch param-
eters A. and By. The mismatch equations (2.6.11) and (2.6.16) were used in

constructing the diagrams, as well as expression (2.7.9). Here, as in the
preceding case, the kinematic relations are represented by several links, part
of which are external in relation to the control system, while others enter
directly into the guidance circuit, determining its properties.




As follows from figures 2.8 and 2.9, the pattern of change of the con-
trolling effect in two-point guidance methods, that is, the dependence ¢ = €(t),
can be determined if the law of change of the angle 6 = 6(t) is determined
while using a specific hypothesis concerning the motion of the target. This
law is found, in turn, by solution of a full system of equations describing the
guidance process. The rocket flight trajectory is determined from their solu-
tion. On the basis of the known rocket trajectory it is easy to establish the
character of the change of the controlling effect and, therefore, be able to
formulate requirements on the dynamic properties of the coordinator.

The complexity of analysis of a full system of equations of motion of a
rocket forces us to seek ways to simplify it. Such simplification is possible
if a number of assumptions are made, related to idealization of the operation
of the control system. These assumptions are essentially as follows.

First, the process of motion of the rocket to its target is broken down
into the two components of motion: wmotion of the center of mass of the rocket
and rotation of the rocket about its center of mass. This separation is based
on the considerable difference in the duration of the transient processes of
the mentioned types of motion.

In investigations of the motion of the center of mass, which is the [éﬂ
most interesting from the point of view of tactical use of a rocket, and the
overloads acting upon it in flight, the transient processes of angular motions
can be neglected. From the physical point of view this assumption is equiva-
lent to the assumption of an instantaneous determination of the angles of
attack and slip at the time of a sudden feeding of a control command.

In addition, the assumption is made frequently that there is a constancy
of rocket velocity during the guidance process. This assumption is based on
the fact that in a relatively short time of rocket flight the value v, computed
in advance, changes insignificantly.

It is assumed further that the apparatus of the control system is inertia-
less and that the coherence imposed on the rocket motion is maintained absolute-
1y precisely. Such an assumption leads to insignificant deviations of the
trajectory of motion from that which would be obtained taking into account the
real mismatch parameters because,in a properly constructed control system, the
values A differ little from zero.

When these assumptions are taken into account it becomes possible for some
(reference) guidance systems to compute purely kinematic trajectories, that is,
trajectories computed solely on the basis of kinematic equations,

A knowledge of kinematic trajectories makes it possible to determine the
required overloads for carrying out the maneuver associated with the guidance
method used and, thereby, establish the applicability of a particular guidance
method under specific tactical conditions.

The determination of kinematic trajectories is accomplished by solution of
the system of equations (2.7.2). These equations contain six variables. Three
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of them--rocket velocity v, target velocity v, and the inclination of the tar-
get trajectory Qt--can be considered stipulated, since the rocket velocity is

known and the values Ve and et are fixed by the hypothesis on motion of the
target used.

Still another equation should be added for determination of the remaining
three unknowns of system (2.7.2). With the assumptions made above this equa-
tion will be the equation of ideal coherence for the guidance method used.

For example, in the vane guidance method system (2.7.2) is_ supplemented by the
equation q = € - 8 = 0, for the parallel approach method € = O and for the
proportional guidance method 6 = a€. The situation is somewhat more complex in
the solution of the kinematic equations for the direct guidance method because
there, in the ideal coherence equation (v = 0), there is a variable not present
in system (2.7.2). Therefore, in this case still another equation is added
which relates the variable y to the used systems of equations (2.7.2).

After a closed system of equations has been derived for each guidance
method it can be solved by some method relative to the unknowns r and €, there-
hy Aatarmining the kinematir [raference) trajectory of the rocket. The /65
reference trajectories will be different for different guidance methods and
the assumed initial conditions.

Since the kinematic equations are nonlinear differential equations, their
analytical solution can be obtained only for some special cases. However, even
when such a solution is possible, the trajectory is given by the expression
r = f(¢e), which mekes its determination difficult. Therefore, very frequently
it is necessary to have recourse to a graphic method for determination of the
kinematic trajectories. Such a method is simple and graphic.

We will begin with the vane guidance method. It is easy to demonstrate
that if the target is fixed and there is no initial error in aiming, the
kinematic trajectory is a straight line connecting the launching point of the
rocket and the target. We will consider the case of a moving target. Assume
the target trajectory is given by the curve Tka (fig. 2.10). The points TO

and RO correspond to the initial position of the target and rocket. The veloci-

ties of the rocket and target will be assumed constant and equal to v and V-

We divide the curve ToTk

into the segments TT , T.T , T T , etc., travelled
01" 120 23

by the target in the equal intervals of time At.

If these intervals are quite small, it can be assumed that during each
such interval the rocket moves linearly. The position of the linear segments
of the trajectory are determined in the following way. The points of the

initial position of the rocket and target TO and RO are connected by a straight
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Figure 2.10

THT
line on which the segment RORl = vAt is laid off. Since At = —%—l, then
t
v
RORl = ;; TOTl'

When the rocket reaches point Ry, the target is in the position T There-

1
fore, the next segment of the rocket trajectory R R. = i T.T
2 vy 7172

the straight line RlTl. Continuing the construction further, we successively

is laid off on

find points R3, R R5, etc., and by connecting them by a smooth curve we ob-

u}
tain the kinematic trajectory of the rocket. The constructed trajectory makes
it possible to draw a curve of the dependence of inclination € and the values of
the range vector r on time.

In an evaluation of the tactical possibilities which the vane guidance Zéé
method presents, we use some results of an analytical solution of kinematic
equations obtained for the uniform and linear flight of a target given in
reference 3. Under the mentioned conditions the value of the range vector r is
related to the angle ag (fig. 2.7) by the following expression

k -1
(sin qy) 4
r=k = (2.7.10)
(1 + cos qq) 9

where Kva is a constant coefficient determined by the initial values of the

range ro and the angle th’ egqual to

k
q
(1 + cos qto) |
va 0 kK - 1
; q
(sin q.q)
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K, = %’- is the ratio of the velocities of the rocket and target.
t
Formula (2.7.10) is correct for angles qto differing from O and 7.

Analysis of expression (2.7.10) shows that with gpproach of the rocket to
the target (r — 0) the angle qy tends to zero. Therefore, whatever the initial

values of the angle L P (except th = 1),at the end of rocket guidance the
rocket will approach the target from the rear hemisphere.

The required value of normal acceleration during rocket flight along a
kinematic trajectory is expressed by the formula

vV
iy = | sin q]. (2.7.11)

Since upon reaching the target r

O and q, = 0, in order to obtain the lim-

sary to remove unc

cee it i ss e i
ituting into (2.7.11) he value r from (2.7.19) =

when 1<k, <2 limj,=0, )
IR —~{
N 4.,
when k,=2 limj,=—% (2.7.12)
qt—- ¢
when %,>2 Hmj, =~ ,
G2 —~0 ¥

9

It follows from an analysis of formula (2.7.11) and relations (2.7.12)
that in the vane guidance method the law of change of the required accelera-
tions in the process of approach of the rocket to the target is dependent on
the value kq' For example, if 1 < kq < 2, the required acceleration increases

at first and then tends to zero; when k_ = 2 it increases monotonically but
hvv d
does not exceed the value

5 Tinally, when kq > 2 the required accelerztion
va

at the time of the approach of the rocket to the target tends to infinity. léz

However, it can happen that in all three cases the required acceleration,

at some stage of the approach, will be greater than intended. Then the rocket

will depart from the pursuit trajectory and will move in a circle with a radius

equal to the minimum radius of curvature, determined by the availabtle accelera-

tion of the particular rocket. If the maneuver of the target becomes compli-

cated, the trajectories become still less favorable from the point of view of

the required accelerations.
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Figure 2.11 Figure 2.12

Tn summary it can be said that the vane method gives applicable results
only when the rocket is guided toward slowly moving and fixed targets.

Expression (2.6.13) is used for determination of the kinematic trajectory
of a rocket guided by the parallel approach method toward a uniformly and
linearly moving target. Assuming vy = const and qt = const (conditions of

uniform and linear motion of a target when € = 0), and also v = const, we con-
firm that the required deflection angle is constant. Therefore, the rocket
moves toward the target in a linear trajectory (fig. 2.11) and the necessary
transverse acceleration is equal to zero. The rocket hits the target at
point M.

In the case of arbitrary motion of the target the rocket trajectory is
easily determined graphically. For this purpose, we will assume that the tar-
get moves along curve TOTk at the constant velocity \ (fig. 2.12). We

divide curve TOTk into segments TOTl’ TlTE’ etc., travelled by the target in

gquite short intervals of time At. The initial position of the rocket is
denoted RO. Since in the case of ideal guidance the line TORO moves parallel

to itself, we draw rays from the points Tl’ TE’ T3, etc., which are parallel to
TORO. The rocket should be situated on these rays after the lapse of time
intervals equal to At, 2At, 34t, etec.

Tn order to determine the position which the rocket occupies after the {68
time At, we draw a circle with the radius R = vAt with point RO as 1ts center.

The intersection of the circle with the ray emerging from point Tl gives the

position of the rocket (point Rl) occupied by it after the time lapse At.
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Point R2 of the trajectory will be determined in a similar way if point Rl is

used as the center of the circle. The remaining points of the trajectory are
determined in a similar way.

By comparing figures 2.10 and 2.12 it is easy to confirm that, for the
same form of target maneuver, the curvature of the trajectory of a rocket

guided by the parallel approach method will be considerably less than when the
vane method is used.

It can be demonstrated that for an arbitrary maneuver of the target the
following equation applies

cos g

j = Jy ——t 2.7.13
In = 3¢ o3 I ( )

where jn is the required normal acceleration of the rocket and jt is the normal
acceleration of the target.

According to expression (2.6.12), v sin qp = vy sin qg. But v > v, and
therefore qT‘< qi. We then find from (2.7.13) that 3y < g, that is, the

normal accelerations required for guidance of a rocket by the parallel approach
method do not exceed the normal accelerations of the target. The parallel
approach method, therefore, can be used successfully for guiding rockets toward
rapidly moving targets.

With respect to its kinematic properties, the proportional guidance method
occupies an intermediate position between the vane and parallel approach guid-
ance methods.

It is known (ref. 3) that in the case of a linear and uniform motion of a
target, when the proportionality factor is a = 2 (2.6.16), the acceleration h
will be a finite value if the following condition is satisfied

kq cos(q0 + qto) 21, (2.7.1k)

where dp and th are the deflection angles of the rocket and target at launch-
ing time.

As follows from the inequality (2.7.1k4), the condition that there be a
finite value of the required accelerations is less rigorous here than in the
vane guidance method. With an increase of the proportionality factor a, the
value of the required accelerations decreases. However, with an increase of a
there is an increase of fluctuation errors and therefore the factor a ususlly
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is assigned the value 2-5. The proportional guidance method is used when
guiding rockets toward rapidly moving targets.

In the direct guldance method the adjustable value is the position of the
longitudinal axis of the rocket and its trajectory is determined by the direc-
tion of the velocity vector, which in a general case does not coincide with
the direction of the longitudinal axis. The reference trajectory of the
rocket, even in the case of a fixed target, therefore is a rather complex Zég
curve known as a hyperbolic spiral (ref. 1). The curvature of the hyperbolic
spiral increases with the approach of the moving point of this curve to the
target. When the radius of curvature of the reference trajectory becomes less
than the minimum radius of turning of the rocket pr min’ 2 flight in a spiral is
impossible and the rocket flies in a circle of the radius pr min®

Thus, in the direct rocket guidance method, even for guidance to a fixed
target with an ideally operating control system, a precise hit is impossible.
The rocket miss is dependent on the initial aiming errors, the minimum turning
radius of the rocket Pr min and the initial launching range rO. It decreases

with an increase of r, and also with a decrease of aiming errors and p

r min
Computations show that, in the case of real values of the mentioned parameters,
the miss does not exceed several tens of meters. The direct method therefore
can be used for rocket guidance to fixed and slowly moving targets of relative-
ly large size. An advantage of this method, encouraging its use, is the sim-
plicity of the guidance apparatus aboard the rocket.

2.8. Three-Point Guidance Methods

Three-point methods are used when the guidance system includes a control
point which is situated on Earth or on a moving object (rocket-carrying air-
craft, surface vessel, etc.).

Three-point guidance methods, like two-point methods, can be divided into
two groups. The first group includes guidance without deflection when the
control system holds the rocket on a straight line passing through the control
point and the target. The second group includes methods of guidance with
deflection when the control system makes the center of mass of the rocket
coincide with a line connecting the control point to some deflected point,
selected in such a way that at the end of the guidance process the target is
situated at this point. The laws which determine the deflection of the
rocket can be very different. Below, as an example, we will consider two
three-point guidance methods: the matching method and the parallel approach
method, in which the deflection law is selected in such a way that the rocket
moves toward the target in a parallel approach trajectory.
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1. Matching Method

In the matching method it is required that the center of mass of the
rocket remain on the line connecting the control point to the target during
the guldance process. Figure 2.13 shows a nonrotating coordinate system
checyec’ situated in a vertical plane. Its origin O, coincides with the {70
control point. The position of the target in the mentioned coordinate system
is determined by the range Ty and the angle et and the position of the rocket

is determined by the range T. and the angle € - The angle € represents the
difference of the angles characterizing the direction to the target and to the

rocket. The lateral deflection of the rocket from the target range vector is
denoted h.

In accordance with the definition of the matching method the mismatch
equation has the form

A = e.. (2.8.1)

AS = €, - € (2.82)

A

Teve +he angle € represents the theoretical value of the adjustable value

SEIT vl (SR 2 NN T vt

w_ = €_ and the angle €, is its real value (na = sr).

v

=3

Sometimes as a mismatch parameter it is desirable to have the linear rather
+han the angular deflection of the rocket from the control point-target line.
Then the mismatch eguation can be written as

A, = h. (2.8.3)

h
The following approximate equation is correct for small angles el

~ A T (2.8.4)

By~ BTy

Proceeding on the basis of the mismatch equations (2.8.1) and (2.8.2) we
ca~ “enignate the makeup of the measuring devices entering into the coordinator
of ..o rrcket control system in the matching method. TwO coordinator variants
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are possible when measuring the mismatch barameter at a control point. TIn the
first variant the coordinator includes two angle-measuring devices. One of
them is for automatic tracking of the target in direction and measures the
angle € the other automatically tracks the rocket and measures the angle €.

The coordinator computer calculates the difference in the measured values. In
the second variant the coordinator consists of one angle-measuring instrument
which operates on the "groups" method (see section 5.3) and which directly
measures the difference of the angles et - €.

When measuring the mismatch Parameter for the rocket, one part of the
apparatus is situated at the control point and the other on the rocket. The
apparatus at the control point in this case consists of an automatic angle- /71
measuring instrument Operating in a conical scanning regime and tracking the
target in angular coordinates. In this operating regime of the angle-measuring
instrument an equisignal direction is created in space, coinciding in the casge
of ideal operation of the angle-measuring instrument with the control point-
target line. The departure of the rocket from the control point-target line,
proportional to the angle €1, 1s measured aboard the rocket,

If it is necessary to measure the linear deviation of the rocket from the
control point-target line, it is sufficient to multiply the measured value of
the angle €l by the distance between the control point and the rocket. This

distance usually is introduced by a brogramming mechanism which is cut in at
the time of the rocket launching.

For measurement of the mismatch parameter during the motion of the rocket
in space it is convenient to introduce the measurement coordinate system
OcXm¥m?y» Whose origin coincides with the control point, and the axis OuXy is

directed along the control point-target line. The axes Ocym and Oczm are

situated in the vertical and horizontal (or inclined) planes, respectively.
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If the mismatch parameter is measured on the rocket, measures should be
taken to match the positions of the axes of the measurement coordinate system
with the control planes. This usually is done by introducing gyrostabilization
of the axes of the measurement coordinate system related to the control point
in a case when the latter is moving and the banking of the rocket is stabilized.

When these measures are tsken it is easy to write the mismatch equation in
the complex form '

be, = €, + J¢

1 1y?

where €12 and ely are the components of the mismatch parameter in the corre-

sponding deflection planes.

2. Parallel Approach Method

As in the case of two-point guidance, the parallel aporoach method re-
quires that, in the process of rocket guidance, the rocket-target line moves
parallel to the initial position of this line. Figure 2.1L shows the geometric
relations when guiding a rocket in the vertical plane. Other than the angle ¢
between the rocket-target line and the axis I and the angle €k determining

the direction of the vector r,. in the case of ideal rocket guidance, the nota-
tions used here are the same as in figure 2.13.
Several variants of the mismatch equation can be derived for use in the

parallel approach method. For example, the following form of the mismatch
parameter was proposed in reference 2

r .
Aé :=;r- €. (2.8.5)
In accordance with expression (2.8.5), the coordinator apparatus /72

2 L=
should measure the distance between the rocket and the target, the velocity

of the rocket and the angular velocity of the rocket-target line. Measurement
of the value € at the control point is the most difficult problem.

A somewhat different approach to derivation of the mismatch equation for
the parallel approach method in the case of three-point guidance also is pos-
sible. We will determine what law should be used toc measure the angle SK in
order for the rocket to move along a parallel approach trajectory.

From the triangle ocRT we find

r rr
+

sin €y  sin (e - e)

71




Sect T Yt
I
v
£
5. R
€
En
R VA -
% Tec
Figure 2.14
Hence
el ::3n5n1[é;snlc—~th (2.8.6)

If it is now required that the angle € be constant during the entire time
of guidance and equal to the value which it had at the time when the rocket was
put into the parallel approach trajectory, that is, € = eo, the expression

(2.8.6) determines the theoretical value of the deflection angle € Then the
angle eK:will be equal to

N S
GK::Etv—MC$H[7}b”1“” 2) |- (2.8.7)

When equation (2.8.7) is satisfied the rocket will be guided by the paral-
lel approach method.

The mismatch parameter is determined as the difference between the theo-

retical value of the inclination of the vector T, (nT = %K) and its actual

value na = €.. Then for the angular and linear deflections we will have

fmmr 3 oz oz — aresin | —— sin (2. — =
Aj=a s e e oo arsin [&‘snlto x|, (2.8.8)
Ap—=h=raA
T

The design of coordinators measuring the mismatch parameters determined by
formulas (2.8.8) is a relatively complex problem. Expressions (2.8.8) can be
simplified if the following approximations are made

ﬂn(a)ﬁ—a)::so-vs sine e

t
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and
TAT - T,
Tt then is possible to obtain /73
Ty - T
t T
Aé = €_t - er - —-Tr——— (60 - et). (2.8.9)

T -

— dlea wad mvmend A -
when forming the mismatch pa 2.8.9) the

ramete h s of expre
rocket flight trajectory will be the closer to a parallel approach t ajectory
the more precisely the approximations made above are satisfied.

A aadn {
i < eSSl |\

Formula (2.8.9) mekes it possible to judge the makeup of the measuring
instruments included in the coordinator. It should contain angle-measuring
instruments for measurement of the angles €, and €., and range finders for

measuring the distances r. and r.. The coordinator computer should perform

relatively simple transformations of the measured values in accordance with
formula (2.8.9).

If it is necessary to determine the mismatch parameter characterizing the
1inear deflection of the rocket from its reference trajectory it is sufficient
to multiply Aé by the range r... The latter usually is fixed by the programing

mechanism.rpr = Tp.. The mismatch equation in linear deflections has the form

by = h = Airpy = rpr(et - €.) - (ry - rp)(eg - €4). (2.8.10)

If the motion of the rocket in space 1s considered, the mismatch equations
for the parallel approach method, as in the preceding case, can be represented
in the complex form.

2.9. Kinematic Equations for Three-Point
Guidance Methods

The kinematic equations for three-point guildance methods characterize the
motion of the target and rocket relative to the control point. By analyzing
the kinematic equations, it is possible to trace the process of formation of
the mismatch parameter and establish the applicability of a particular guidance
method for specific tactical conditions.
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If the control point (such as a rocket-carrying aircraft), rocket and

target move in a single (vertical) plane, the kinematic equations have the fol-
lowing form

rt.: Uy COs 9t Ve COS ¢, i
— i = i '
rt_st U Sin g, vtsmqﬂ (2.9.1)
r :'UCOS(]I."UCCOquc,
)

o JHy

where [ZE

9 =5 — 08, ‘ (2.9.2)
qc—et—ﬂ

The notations used in equations (2.9.1) and (2.9.2) are explained by
figure 2.15. Here checyec’ Orxeryer and OtXetyet are nonrotating coordinate

systems whose axes are parallel to the axes of g ground coordinate system and
the origins of these coordinate systems coincide with the control point o and
the centers of mass of the rocket R and the target T, respectively.

As an illustration of the formation of the mismatch parameters in the
matching and parallel approach method, we will limit ourselves to0 the case of
small angles qr, qt, q, and qlc’ when the sines of thege angles can be replaced

by their arguments and the cosines by unity.

Figure 2.15
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Then in place of equations (2.9.1) and (2.9.2) we obtain

r.t= 'Ut'_ 'Uc,
I'I.: v — 7,

2= T ey — Be) — vy (e .~ By), (2.9.3)

:+“

Q‘ér: U, (Er’__ bc) — v (e—98).

Making transformations in (2.9.3) similar to those which were made in
deriving formuia (2.7.7), we will have

d(r, e
(_t-L)_m'v 9, — 'Dcﬂct\
dt t't ‘
a( ) (2.9.%)
b e L)
dt e

If the mismatch eguation (2.8.2) is added to the expressions (2.9.4), the
block diagram of the formation of the mismatch parameter for the matching
method can be constructed (fig. 2.16). The controlling effects for the /15
system of equations will be the changes of the angles et and Gc character-

izing the motion of the target and the rocket-carrying aircraft. The angie O,

determining the trajectory of the rocket, appears as a feedback signal during

the formation of the mismatch parameter A€ . Changes of the ranges Ty and r
1

-

T

lead to changes of the controlling effects and the parameters of the guidance
circults, respectively. 1In contrast to two-point guidance methods, where the
link entering into the gmidance circuit and having the transfer constant 1/r
increases the amplification of the system as the rocket approaches the target,
here the same link decreases the amplification of the system since with
approach of the rocket to the target r,. increases.

The block diagram of the formation of the mismatch paraméter in the paral-
lel approach method can be obtained if the equations (2.9.4) are supplemented
by the mismatch equation (2.8.9). This block diagram is shown as figure 2.17.
In contrast to the preceding diagram there is an additional link here with a
variable transfer constant dependent on the rocket-target range. The amplifi-
cation of this link decreases to zero when rr =T,.

In order to determine the kinematic trajectories it is necessary to solve
a full system of equations (2.9.1) with the addition to it of the ideal coher-
ence ‘equation for that guidance method for which the trajectory is determined.
In a number of cases it is simpler and more graphic to have a graphic deter-
mination of the kinematic trajectories. We now will cite an example of such a
construction for the matching method. The essence of the graphic method of
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construction of a trajectory is as follows. The first step is to plot the
trajectories of the proposed motion of the control point (curve COCk in

figure 2.18) and the possible motion of the target (curve TOTk)' The entire

interval COCk and TOTk is broken down into sectors corresponding to the flight
of the target and control point during the time At. The straight lines COTO,
ClTl’ etc., thus constitute lines of sight.

At launching time (t = O) the rocket is situated at point R_ coinciding

0
with CO' When t = At the rocket travels the distance R = vAt from point CO.
During this time the control point, moving with the velocity V., moves to the

point Cl and the target occupies the position Tl' Since Ael = 0 in guidance

by the matching method, at the time t = At the rocket should be situated on {76

the ray ClTl'

Thus, point Rl (the position of the rocket on the line of sight ClTl) can

be determined as the point of intersection of a circle of the radius R = vAt
with its center at point CO and the straight line C.T..

11
The positions of the rocket on the straight lines CQTQ, C3T3, ... are
determined in a similar way: successively,from the points R R .+ circles

1’ T2’
with the radii vAt are drawn to the intersection with the straight lines 02T

C T 2’
373’

O’ R1) Rg}

tory of motion of the rocket when its guidance is by the matching method. By

The resulting curve R ‘e Tk characterizes the kinematic trajec-
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Figure 2.18

employing the curves shown in figure 2.18, it is easy to determine the regquired

SeTrTia ] mmmra)l mem kS A~ T S otrat
normal accelerations because, as is well known,

2
v

j o=~ 2.9.
dn Res’ (2.9.5)

where Rcu is the radius of curvature of the trajectory, determined using the
curve in figure 2,18,

By using expression (2.9.5) it is possible to find the functional depen-
dence of jn on time for different characters of motion of the target and the

control point.

After analyzing the trajectories of rocket motion for guidance by the

matching method, it can be concluded that they are essentially dependent on [TT

the character of flight not only of the target but also the motion of the
control point. Usually the applicable value of the required accelerations is
obtained only in a case when the attack of the moving target is made from the
rear hemisphere. This fact limits the tactical possibilities of applying the
matching method.

The graphic construction of the kinematic trajectory for the parallel
approach method is accomplished using the same rules as in two-point guidance.
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2.10. Perturbations Affecting the Coordinators

In evaluating the accuracy of measurement of the mismatch parameter by the
control system coordinator, it is important to determine not only the errors
caused by inexact reproduction of the contralling effect, but also the errors
caused by various kinds of perturbations.

With respect to the coordinators, containing electronic devices, the per-
turbing effects are manifested in distortions of the signals carrying informa-
tion on the mismatch parameter. These distortions are caused by various fac-
tors, the most important of which are:

(1) the instrument noise of" the receiving apparatus of the coordinator;

(2) fluctuations of the amplitude of the signal reflected from the target;

(3) fluctuations of the apparent or effective center of reflection of the
target;

(4) change of the conditions for passage of signals through space;
(5) artificial interference.

The signal distortions caused by the instrument noise of the receiver
usually are insignificant and the errors caused by them during the measurement
of the mismatch parameter are extremely small. We now will explain the fore-
going in somewhat greater detail. When the coordinator is operating in an
automatic control system it is necessary to ensure a stable (undisrupted)
process of measurement of the mismatch parameter. The latter is attained by
incorporating in the coordinator measuring instruments so-called automatic
pickups, which cut in the measurement circuit only in a case when there is a
specified excess of the received signal above the instrument noise of the
receivers. Under these conditions, the distortions of the received signals by
the instrument noise of the receivers usually are insignificant. The instru-
ment noise of the receiver should be taken into account when determining the
effective range of the measuring apparatus because the lower the instrument
noise, the lower the triggering threshold of the automatic pickup can be set,
and therefore the measurements will be made with the stipulated aecuracy at a
greater range.

A1l the principal targets have a relatively complex geemetrical structure
and as a result the reflected radio signal can be considered as the sum of [Z@
the oscillations arriving from a large number of surfaces of different con-
figuration. These signals, having random amplitudes and phases, create inten-
sifying or attenuating interference effects at the point of reception when
there is an insignificant change of the relative position of the target, which
leads to an appreciable change of the signal at the reception point.

The most important characteristic of a radar target is 1ts effective
reflection area Seff‘ The value Seff,characterizing the measure of energy
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reflected from the target, determines for specified parameters of the system
the maximum effective range of the coordinator.

Since the diagram of reflection from a target is multilobed, the effec-
tive reflecting surface of a target of complex configuration, in a general
case, changes appreciably in dependence on the aspect of the target. The
value Seff also is dependent on wavelength. Therefore, the mean value Seff
usually is stipulated, as sometimes also will be the deviation from it in the
form of the distribution law of the probabilities of the amplitudes of the
reflected signal. The form of the distribution law can be used to judge the
reliability of the effective range which will be determined from computations.

The mean value of the effective reflecting surface of a target and the
deviations from this value characterize the target as an element in the control
complex only from the point of view of the selection of the parameters of the
coordinator ensuring a stipulated effective range of the control system. Also
of considerable interest is the problem of fluctuations of the amplitudes of a
reflected signal and the angular fluctuations of the apparent center of reflec-
tion of the target.

The fluctuations of the amplitudes of the reflected signal are caused by
the multilobed character of the diagram of reflection from the target, the
angular velocity of its motion relative to the rocket, and for air targets, the
values of the frequencies and amplitudes of yawing and banking of the aircraft
target and the rocket, their vibrations, etc.

Due +to the mentioned fluctuations the strength of the signal arriving at
the input of the measuring instrument receiver will vary randomly. The
instantaneous value of the fluctuating signal is given by the noise modulation

+

coefficient, representing the ratio of the incrsment of a random signal AE(L)
. . AE(t
to its mean value E,, that is, mn(t) = ——é—l.
0

In many cases it is assumed that the random function mn(t) is stationary
with a zero mean value and is evaluated by the correlation function Rm(T) or
the spectral density’Gm(w). The mentioned statistical characteristics are
- determined experimentally for each type of target. When used in analytical

computations the experimental curves Rm(T) and Gm(w) are approximated by suit-
able functions.

. . . Ry (7)
The normalized correlation function pm(T) = §;T67 is described suf- [ T9
ficiently accurately by the expression
pm(t)=e"""lcos @, (2.10.1)
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where the values o and wl are selected from the condition of approximation of

the spproximating function to the experimental curve.

If the correlation function of a random stationary process is determined,
the spectral density of this process can be determined analytically as

Gpu(w)=4 f R, (<) cos wtdr. (2.10.2)

9

For the approximation of the correlation function used above the normalized

G (w)
spectral density gp(w) = Rm(O) of the noise modulation coefficient is expressed
m
using the formula
a a
en) =2 | Gy + e (2.10.3) |

As an example, figures 2.19 and 2.20 show the normalized correlation func-
tion and spectral density of the noise modulation coefficient mn(t) when o =
ol sec™t and w; = 40 sec™T.

The measurement errors of the mismatch parameter in a number of cases are
caused by the angular fluctuations of the apparent center of reflection of the

target. The essence of these fluctuations can be clarified very roughly in the
following simple example,

As pointed out, the diagram of reflection from the target has a clearly
expressed multilobed character. There is a sharp change of the phases of
reflected signals between adjacent lobes. For example, the phases of the sig-
nals of two adjacent lobes between which the gap attains zero, differ from one
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Figure 2.21

" another by the angle n. As a result, the front of the reflected wave is [§9
distorted. Figure 2.21 shows part of the idealized diagram of reflection

from an aircraft. Here the lines a and b conditionally represent the phase

i characteristics of the reflection diagram. If it is assumed that the direction
to the effective center of reflection of the target is determined by the per-
pendicular to the wave front at the reception point, for the point A the
apparent center of reflection is displaced to the position B.

Random angular oscililations of the target lead to disordered changes of
the front of the reflected wave, and therefore to disordered fluctuations of
the apparent center of reflection of the target. The fluctuations of the
apparent center of reflection sometimes are called the angular noise of the
target, in contrast to the fluctuations of the amplitude of the reflected sig-
nal, which are called amplitude noise.

Angular noise is given in the form of the angle €,(t), whose value changes

in conformity to the random law relative to the tre direction to the target.
It can be seen from figure 2.21 that when the movement of the center of reflec-
tion is given in linear measure the angular errors in determination of the
actual direction to the target, caused by angular fluctuations, will increase
approximately proportional to the decrease of range. This distinguishes
angular noise from amplitude noise, whose parameters are insignificantly
dependent on range, and makes difficult the determination of the statistical
characteristics of the random function €,(t).

For some constant range r between the measuring instrument and the target
the spectral density G,(0) of the angle en(t), vhen w = 0, sometimes is given
in the form

Gn(o):’?:n(_l;—) 2’ (2.10.4)

where L is the linear dimension of the target and ken is a coefficient depen-

dent on the type of antenna of the measuring instrument.
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A change in the conditions for transmission of signals in space leads to
a change of the amplitude of the received signal. If these changes transpire
slowly, they usually are eliminated by the automatic volume control system of
the receiver. However, an allowance for rapid changes of transmission condi-
tions, caused by the nonstationary absorption of radio waves in the rocket
engine jet, is made using the same method as when taking into account the am-
plitude fluctuations of a signal reflected from a target.
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CHAPTER 3. ELECTRONIC COORDINATORS OF HOMING SYSTEMS

3.1. TFunctional Diagrams of Electronic
Coordinators of Homing Systems

The principal part of the electronic coordinator of homing systems is lél
an apparatus for the automatic tracking of the target on the basis of angular
coordinates. Since the automatic tracking of an isolated target on the basis
of angular coordinates usually can be accomplished only when using equisignal
direction-finding methods, making it possible to establish not only the value
but also the direction of deflection of the target from the equisignal line,
the coordinators use antenna systems which make possible the creation of such
an equisignal line. The signal received from the target is fed to an output
apparatus after amplification in the receiver.

The antenna, radio receiver and output spparatus form & direction-finding
apparatus (direction finder) in the coordinator. The mismatch signal at the
output of the direction finder is a dc voltage in certain 1imits proportional
to the angular deflection of the target from the equisignal line. If the tar-
get is situated on the equisignal direction the mismatch signal is equal to
zero. With a change of the direction of deflection of the target the mismatch
ignal changes its sign.

n

{

in addition to the mentioned principal elements, the direction finder con-
taine a number of additional devices which play an important role in the cor-
rect functioning of the direction-finding apparatus. In particular, these
include an automatic selector (autoselector). It is known that the satisfac-
tory operation of the mentioned system of automatic tracking of the target in
direction is attained only in a case when there is tracking of only one target.
Due to the low resolution possible when using angular coordinates inherent
in systems having small antennas (and the latter are strictly limited by [Qg
the size of the rocket), it is possible for several targets to appear in the
"angle of view" of the antenna of the direction-finding apparatus. It there-
fore is necessary to introduce an additional selection of signals sO that only
signals from a single target will be detected. The possibility of introducing
additional selection in electronic coordinators of homing systems distinguishes
them favorably from coordinators using the thermal radiation of a target.

The synchronization of the autoselector during active homing is accom-
plished using the signals of a transmitter carried aboard the rocket. In the
semiactive homing method the autoselector is synchronized by signals received
from an additional receiver which is connected to an antenna receiving signals
of the radar set irradiating the target.

Thus, the direction-finding apparatus of the coordinator produces a mis-
match signal characterizing the deflection of the target from the equisignal
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direction. The coordinator contains only one direction-finding apparatusg if
such a signal is adequate for homing, as in the direct guidance method, when
the control command is proportional to the deflection of the target from the
longitudinal axis of the rocket. 1In this case the antenna of the direction-
finding apparatus is attached rigidly to the body of the rocket and its equi-
signal direction is oriented along the longitudinal axis. Coordinators of
this type will be called coordinators with fixed (relative to the body of the
rocket) equisignal direction or simply fixed coordinators.

The term "fixed coordinator" is of an arbitrary character and is intro-
duced for brevity in exposition. The term is arbitrary because such a coor-
dinator is mounted on a moving object and moves together with it. The func-
tional diagram of a fixed coordinator is shown in figure 3.1.

If it is necessary to move the equisignal direction relative to the body
of the rocket independently of the motion of the latter, the coordinator must
not only have a direction finder but also a final control mechanism. The final
control mechanism is designed for movement of the equisignal direction in ac-
cordance with the change of the angular position of the rocket-target line. /83
Coordinators of this type will be called moving coordinators. Figure 3.2
shows the functional diagram of a moving coordinator.

When a moving coordinator is carried on a rocket the control system con-
tains two automatic regulation series circuits. One of them is used for move-
ment of the equisignal direction, performing automatic tracking of the target

Position of the axis of the rocket in accordance with the signals received from
the coordinator.

Displacement of the equisignal line can be accomplished either mechanical-
ly (by the turning of the antenna) or electrically. In the latter case the
body of the antenna is attached rigidly to the body of the rocket and the move-
ment of the equisignal line occurs as a result of the change of the electric
state of individual components of the antenna system.

We note in conclusion that fixed coordinators usually are used in those
cases when the guidance method employed does not require the fixing of large
deflection angles and the introduction into the control law of the derivatives
of the angle ¢, characterizing the line of sight. Moving coordinators afford
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greater possibilities. They are used in guidance methods requiring both the
fixing of considerable deflection angles and measurement of the derivatives of
the angle €.

3.2. Coordinator Direction-Finding Apparatus

The vigorous development of the technology of automatic determination of
the coordinates of targets using electronic apparatus now being observed re-
sults in a great multiplicity in the principles of design and construction of
the direction-finding apparatus of coordinators. Below we will consider only
the most typical examples of the design of direction-finding apparatus which
in essence are becoming classical.

We recall that the possibility of determination of the angular coordinates
of a target by electronic apparatus is based on the use of the directional [QE
properties of antenna, characterized by the directional diagram. In a general
case the directional diagram of an antenna is described by a complex function
of the angle of incidence of radio waves. The module and argument of this func-
tion are called the amplitude and phase directional diasgrams, respectively.

Either an amplitude or phase directional diagram usually is used for direc-
tion finding, depending on which of the parameters of the high-frequency oscil-
lation (amplitude or phase) arriving from the target is used for obtaining
information on the angular position of the target in space, or in other words,
for which of the mentioned parameters the antenna possesses spatial selectivity.
The terms amplitude and phase direction-finding apparatus therefore are used.

It should be remembered that it is not always technically possible to design a
"purely” amplitude or "purely" phase direction finder because the phenomena of
change of the amplitude and phase of the arriving signal at the time of angular
deflection of a target accompany one another. The only difference is in the
quantitative values of these changes. The basis for naming the type of direc-
tion finder is that parameter whose changes are predominant.

In the equisignal direction-finding method the angle of arrival of the
incident wave is determined by a comparison of the signals received from two or
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more noncoinciding directional diagrams. This comparison can be made either
successively or simultaneously.

In the first case, the equisignal direction is created by a periodic
change of the position of the directional diagram (amplitude or phase) of the
direction-finding antenna. Data on the angular position of the target rela-
tive to the equisignal direction are obtained by successive comparison of the
signals received with the directional diagram in different positions. Since
an equisignal direction in the case of successive comparison is created only
for a finite interval of time, direction-finding apparatus of this type are
called direction-finding apparatus with an integral equisignal direction. We
note that, with a periodic change of the position of the directional diagram,
the parameter used in determining the angular position of the target experi-
ences an additional periodic change--modulation. Either the amplitude or the
phase of the received signal is modulated, depending on the design of the an-
tenna used. This circumstance makes it possible to refer to direction finders
with an integral equisignal direction as modulation-type apparatus. A direc-
tion finder with conical scanning of the directional diagram is an example of
a direction-finding apparatus with an integral equisignal direction and ampli-
tude modulation.

In the case of simultaneous comparison of signals, reception is by several
spaced antennas. TIh this case, the equisignal direction is formed at each 1@2
specific moment and thereby there is "instantaneous" detection of the mis-
match signal. An apparatus of this type is called a direction finder with an
instantaneous equisignal direction. It is exemplified in so-called monopulse
radar sets.

3.3. Functional Diagram of a Direction-Finding Apparatus
with an Integral Equisignal Direction

Among the direction-finding apparatus with an integral equisignal direc-
tion for the automatic tracking of a target on the basis of angular coordinates,
the most widely used are direction finders with the amplitude direction-finding
method, especially direction finders with conical scanning. Phase-type direc-
tion finders with an integral equisignal direction are used for the time being
only in some radio navigation systems (ref. 11) and will not be discussed here.

Figure 3.3 shows a simplified functional diagram of a direction-finding
apparatus with conical scanning. It contains an antenna A, a receiver rec and
an output apparatus which includes a mismatch signal detector D, a mismatch sig-
nal amplifier a, two phase detectors PDl and PD2 and two dc amplifiers DCA1

and DCAE. In addition to the mismatch signal the phase detectors receive a

reference signal produced by the reference voltage generator RVG, connected to
the apparatus for rotation of the diagram ARD.

The antenna system, having a needle-shaped directional diagram, is con-
structed in such a way that the maximum of the diagram is displaced in relation
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If the target is not situated on the equisignal direction the signal received
from the target receives additional amplitude modulation, and the depth of this
modulation is dependent on the value of the angular displacement of the target
in relation to the equisignal direction. The phase of the envelope, read from
some fixed value, indicates the direction of displacement of the target. The
conversions of the received signal after its passage through the receiver essen-
tially involve detection of the envelobe in tha micma+an It e, e
biirication of the received mismatch signal and its conversion in the phase ﬁ§§
detectors, and amplification by the dc amplifiers.

In direction finders with conical scanning it is most common %o use para-
bolic antennas. An important characteristic of such an antenna is the rate of
rotation of the directional diagram (scanning frequency). As will be demon-
strated below, with an increase of the scanning frequency, there is an increase
of the accuracy of tracking of the target when the signals received are of
fluctuating amplitude. However, in the case of mechanical rotation of the
reflector or exciter of the antenna, an increase of the scanning freguency re-
quires a considerable increase of the power of the drive motor. In addition,
in the case of rotation of the reflector with an increase of the rate of rota-

tion, there is an increase of the difficulties in the mechanical balancing of
the antenna system.

Below we give two examples of design of antenna systems in which the dif-
ficulties involved in obtaining high scanning frequency have been overcome.
As the first example we will consider a system with mechanical rotation of the
directional diagram (ref. 43). In contrast to ordinary antennas with conical
scanning, where the diagram i. rotated by rotation of the exciter, whose phase
center is displaced relative to the axis of the antenna, a fixed exciter is
used in this case and the phase center is displaced solely by rotation of a
relatively light element of the exciter; in one revolution of this element there
are three periods of movement of the phase center, that is, three revolutions
of the directional diasgram.

Figure 3.4 is a diagram of the antenna. It consists of a parabolic reflec-
tor, supply waveguide, exciter and a small electric motor which is situated in
front of the reflector. The antenna exciter is a circular waveguide with a
plane polarized wave H,,, at whose output there is a system of three radia- /87

tors which form angles of 120° with one another. Linear vibrators with a
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counter reflector or slotted plate can be used as the radiators. The system of
radiators is driven by an electric motor.

The principle of operation of the primary radiating element is explained
in figure 3.5. The relative amplitudes of excitation of the individual linear
radiators are proportional to the projection of the electrical vector (and
in the case of slots--the magnetic vector) onto the direction of radiation. For
example, if the E vector is parallel to one of the vibrators (such as the vibra-
tor A, fig. 3.5a) these projections are equal to 1 and cos 600 = 0.5 (fig. 3.5¢).
However, the components of the E fields radiated by them, parallel to the vibra-

tor A, will be equal to 1 and cos® 60° = 0.25, respectively (fig. 3.5d). Thus,
it is necessary to find the center of radiation of a system of three radiators
with the amplitudes 1, 0.25 and 0.25, whose centers are situated as shown in
figure 3.5b. This is equivalent to finding the center of gravity of a system
of three material points. It is easy to confirm that, in this case, the phase
center will be displaced along the vibrator A by a value equal to half the dis-
placement of the center of the latter. Obviously, with rotation of the system
of radiators the phase center will move along a circle. .

Figure 3.6 shows that the frequency of its movement will exceed by a factor
of 3 the frequency of rotation of the radiators. In figure 3.6 the diameters
of the circles characterize the relative amplitude of the vertically polarized
component of the field of each radiator. Horizontally oriented radiators are
not excited because a vertically polarized wave is used.

Another possibility for obtaining a high scanning frequency is the use of
antennas with a so-called electrically controlled beam (ref. 44). Such antennas
consist of several exciting elements spaced relative to one another at distances
ensuring the formation of a single composite directional diagram (one beam).
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The position of this beam is determined by the phase chift of the currents of
the supply elements. With a change of the phase shift of the currents there
will be a change of the position of the beam in space. The phase is changed
by a controlled phase inverter in the supply waveguide of each element.

The phase inverters are controlled by a distributor. If electrical 1@@
phase inverters are used, the distributor produces currents supplying the
windings of the ferrites of the phase jnverters, ensuring such a phase distribu-
tion that the beam moves in conformity to a specified law.

Tn the case of uniform rotations of the beam the distributor can be de-
signed in the form of an ac multiphase generator, each voltage phase of which

is used for control of one of the phase jnverters. This same generator pro-
duces a reference voltage.

o oy

Figure 3.6
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The radio receiving apparatus of the coordinator, with respect to both
the functions which it performs and design of circuitry, is similar in many
respects to the receiver of a standard radar set for automatic tracking of a
target on the basis of angular coordinates (ref. 45). In most cases, a super-
heterodyne circuit is used for such a receiver.

It is known that in order to increase the sensitivity of a radar receiver,
and therefore increase the effective range of the set, special measures must
be taken for the elimination of instrument noige. The latter is achieved by
designing the frequency converters in accordance with a balanced circuit, using
low-noise amplifiers, etc. Similar measures can be taken in the receivers of
coordinators, with the single reservation that they must not result in an in-
Crease of the size and weight of the apparatus above the admissible values,
which in some cases are extremely limited.

All the processes associated with the tuning and adjustment of the re-
ceiver should be automated. TFor this reason the coordinator receiver is sup-
plied with systems for automatic volume control (AVC), automatic frequency con-
trol (AFC) and automatic target selection.

The system for automatic volume control should have a relatively large
dynamic range because in the homing process the rocket-target range changes in
very broad limits. If the AVC is insufficiently effective the level of the
output signal of the receiver also will vary, and as will be demonstrated
below, this will lead to a change of the transfer coefficient of the direction
finder, which is extremely undesirable.

The design of the AFC system can vary, depending on the homing method.
For example, in the case of active homing, when a signal transmitter irradi-
ating the target is carried aboard the rocket, the receiver heterodyne is
tuned on the basis of the transmitter signal, much as is done in radar sets.

In the case of semiactive homing the receiver heterodyne is tuned on the
basis of the frequency of the received signal (AFC on the basis of the received
signal) or the heterodyne frequency is stabilized by means of a highly stable
element (EFS). In the latter case the frequency of the signal of the transmit-
ter "irradiating" the target also should be extremely stable and known in
advance,

Finally, in the case of passive homing the receiver heterodyne is [§2
tuned solely on the basis of the arriving signal. Since a direct signal
radiated by the target and which usually has a relatively high power is used in
passive homing, in some cases it may be desirable to replace the superhetero-
dyne receiver in the direction finder by a crystal receiver. Such a receiver
has a quite broad-band input and therefore there is no need of AFC.

The system for automatic target selection will be discussed in greater
detail in section 3.7.

As already mentioned, the output device consists of a mismatch signal
detector, a mismatch signal amplifier, two phase detectors and a dc amplifier.
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There are various designs for a mismatch signal detector. In selecting
the parameters of any of them an effort must be made to reduce to a minimum the

' ponlinear distortions of the mismatch signal. Sometimes in addition to perform-

ing its direct role (detection of the video pulses envelope) the mismatch signal

detector serves as an element of the "forward™ AVC circuit.

The mismatch signal amplifier is a low-frequency electronic amplifier
consisting of one or more stages, depending on the required value of the ampli-
fication factor. Since the mismatch signal in the case of small deflections
of the target from the equisignal direction 1s a voltage of almost sinusoidal
form of a frequency known in advance, the amplifier can contain a selective
filter, tuned to the scanning frequency and having a relatively narrow pass
band. The presence of such a selective filter improves the shape of the mis-
match signal and facilitates an additional noise filtration. At the same time,
extremely rigorous requirements are imposed on the constancy of the amplitude
and especially the phase characteristic of this filter and also on the stabil-
ity of the scanning frequency. Inadequate stability of the mentioned param-
eters leads to an additional uncontrolled phase shift of the signal, which in
turn causes so-called dephasing of the system leading to a "skewing" or
"twisting" of the axes of the coordinate measurement system. If there are dif-
ficulties in ensuring the admissible instability of these parameters,it 1is
desirable to dispense with the narrow-band filter in the amplification channel,

The essential purpose of the phase detectors is scaling of the mismatch
signal from a polar coordinate system to a rectangular coordinate system. In
actuality, before reaching the phase detectors the mismatch signal was formed
in a polar coordinate system, when its amplitude characterizes the module of
angular deflection of the target from the egquisignal direction, and the phase
shift, read relative to the reference signal, determines the direction of [29
target deflection. However, at the output of the phase detectors there are
two migmatch cignals (in the form of slowly changing voltages) characterizing
the angular movements of the target relative to the equisignal direction in two
mutually perpendicular planes.

The direct-current amplifiers (DCA) are used for amplification of the sig-
nals and coupling the direction finder to the subsequent circuits. Depending
on the character of these circuits the dc amplifiers can have anode or cathode
outputs.

The phase detectors and dc amplifiers are the final stages of the direc-
tion finder, where the signal level is quite high. Their parameters therefore
should be selected in such a way that the limiting of the mismatch signal sets
in only when there is a definite value of the angular deflection of the target,
set by the required width of the zone of linearity of the direction-finding
characteristic. We note that the direction-finding characteristic expresses
the dependence of the voltage at the output of the direction finder on the
angle of deflection of the target relative to the equisignal direction. In
addition, the phase detectors and the dc amplifiers should have a small zero
drift (unbalance) because the latter leads to displacement of the zero of the
direction-finding characteristic and therefore to errors in determination of
the direction to the target.
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In conclusion we will discuss the principal adjustments which are accom-
plished in the output device of the direction finder. These include setting of
the balance in the output stages, phasing and setting of nominal amplification.

When the balance is set in the output stages it is possible to obtain zero
signals at the output of the direction finder when there is no mismatch signal
at the input of the phase detectors. The balance is regulated either in the
phase detector circuits or in the dc amplifier circuits.

The phasing of the direction finder has the purpose of fixing the paral-
lelism of the axes of the coordinate system, in which deflection of the target
occurs, and the axes of the coordinate system in which the mismatch signal is
measured. In a phased direction finder, with the deflection of the target rela-
tive to the equisignal direction in any one plane, such as in the vertical
plane, the signal at the output of the dc amplifier of the horizontal deflec-
tion channel should be equal to zero and the signal at the output of the dc
amplifier of the vertical deflection channel should be maximal.

Phasing is accomplished either by introduction of an additional phase
shift of ‘the mismatch signal prior to reaching the phase detectors or by change
of the initial phase of the reference signal, depending on the convenience in
designing the regulation system.

Finally, setting of the nominal amplification is necessary for obtaining
the computed value of the direction finder transfer coefficient. This means
that for a specific value of the angular displacement of the target rela- 121
tive to the equisignal line, the required value of the signal should be ob-
tained at the direction finder output. Regulation is accomplished by a change
of the amplification factor of the mismatch signal amplifier.

3.4. Block Diagram of a Direction Finder with
an Integral Equisignal Direction

A coordinator with conical scanning, considered as an automatic control
apparatus, belongs to the class of alternating current tracking systems in the
subsonic range.

It is well known that alternating current tracking systems, or modulated
systems, as they sometimes are called, contain a special part in the channel
consisting of a modulator, an intermediate 1ink and a demodulator. The role
fo the special part of the channel in a coordinator with conical scanning is
played by the direction finder. Therefore, in constructing a block diagram of
the direction finder it is desirable to separate out the modulator, which in-
cludes the antenna system, receiver and mismatch signal detector, the inter-
mediate link which is the mismatch signal amplifier, and the demodulator,
which consists of two phase detectors. The dc amplifiers are used for coupling
the demodulator to the subsequent circuits of the coordinator.
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Figure 3.7

We introduce the measurement coordinate system opx ypz. (fig. 3.7), whose
origin is at the center of the antenna A, and whose axis opx, coincides with
the equisignal direction. The plane Oy Ypy 2y, Passes through the target point
T normal to the straight line o,x,. The axes o, ¥y, and o, 52, are parallel

to the corresponding axes of the measurement coordinate system. The circle /92
on the plane Opj¥y1Zpmy indicates the trace of the point of the maximum of

the directional diagram during its rotation. The displacement of the maximum
of the directional diagram relative to the equisignal line is characterized by

the angle B..
N

With a small displacement of the target from the equisignal direction its
angular position is given conveniently in the form of the complex angle Af =

Aez + jAey = Aeeaw, where AGZ and Aey are the angles of deflection of the tar-
get in the planes o X 7. and opX ¥y, respectively; A6 is the module of the an-
gular mismatch; ¢ is the phase angle of the target.

The modulator transforms the angular coordinates of the target (A8, Aey),
representing a slowly changing function of time, into an ac mismatch signal.
The process of modulation of the signal received from the target can be de-
scribed by introducing the modulating function Fy(Ag, t). As will be demon-
strated below, this function can be obtained from the dynamic directional dia-

gram of the antenna, that is, a directional diagram changing its position in
space.
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Then for the emf acting in the circuit of the receiving antenna we can
write

e= k EoGoFy (49, 1) e/, (2.4.1)

where EO is the amplitude of the electrical component of the field at the re-
ception point, caused by the signal arriving from the target; GO is the coef-

ficient of directional effect of the antenna in the direction of the maximum;
kp is the proportionality factor; w is the angular frequency of the received

signal.

If the received signal has the character of a pulse this circumstance is
taken into account by the introduction of a time factor into (3.4.1).

We now will explain the method for obtaining the modulating function.
Assume

X=|F@| (3.4.2)
is the equation of a normalized spatial directional diagram of an antenna in a
Cartesian coordinate system (fig. 3.8a). Here g = 8, + jBy is the complex /93
current angle, and B, and By are the components of this angle along the 0B, and
ojBy axes, respectively. The selection of a Cartesian coordinate system in
place of the spherical coordinate system usually used in writing the direc-

tional diagram equation is not of basic importance and was done exclusively for
the sake of clarity.
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Equation (3.&.2) describes in space some unclosed surface situated above
the plane OBZJBy in such a way that the point of the maximum of this surface is

situated above the point o. Since hereafter ve will consider only the amplitude
directional diagram, the sign of the module in equation (3.4.2) will be omitted.

The reading of the target coordinates during the forming of the mismatch
signal in a direction finder with conieal scanning is accomplished relative to
the equisignal direction, displaced from the axis of the maximum of the direc-
tional diagram by the angle ﬁo. In figure 3.8b the coordinate system relative

to which the angular mismatch (displacement of the target from an equisignal
line) is measured is denoted o'ﬁz'jﬁy’. The point o' is the trace of the equi-

signal direction on the plane o’BZ'jﬁy’.

The directional diagram equation in the frame of reference o‘Bz'jBy' has
the form

X=F @ —B,). (3.4.3)

¥

where B' = B, + jBy? = B’eJ is the current value of the angle in a cocordinate
system related to the equisignal direction.

If the rotation of the directional diagram relative to the equisignal direc-
tion is taken into account, it is necessary to assum

W
=
=

S

fo= Boe_jgt: (

where {2 is the angular frequency of scanning.

By substituting (3.4.4) into (3.4.3) we obtain the directional diagram equa-
tion for a scanning antenna

X=F @ —Be™™). (3-4.5)

If the time t is set, equation (3.&.5) describes a static directional dia-
gram whose position corresponds to the considered time. If the current value
B! is set, assuming it to be equal to the angular coordinates of the target T

(fig. 3.8b), the function FM(AG - Boe—JQt) shows the way in which the spatial
information on energy distribution, characterizing the target position, is con-

verted into a mismatch signal, that is, into temporal information, or, we
would say, it gives the law of conversion of "target space" into "signal space.”
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The expression FM(AO - Boe'JQt) enters into formula (3.4.1) as a modulating
function.

If the directional diagram is written in explicit form, in one approxi-lgg
mation or another, and the receiver and mismatch signal detector transfer
coefficients are taken into accourt, by using (3.4.1) it is possible to obtain
the modulator transfer function. In actual practice, however, it is desirable

to first simplify the expression for FM(AG - BOeJQt), making two assumptions:
the target coordinates change slowly and the angular mismatech is small.

The angular mismatch A9 is dependent on time, that is, A9 = Ag(t). The
character of its change is determined by the motion of the target and the
movement of the equisignal direction. Assuming the changes of A9 to be quite
small and the scanning frequency to be constant, it can be assumed that

Fy(be - BOeJQt) is almost a periodic function of time and it is represented in

the form of a Fourier series

Fuad —ge ™) =3 ¥ c, (3.4.6)

R=—oo

T
where C,==%%J’F}(AO——ﬁaim)e"Jﬂudt is the complex amplitude of the harmonic and
0

T = 2—5 is the period of the function FM(Ae - 5Oe'JQt).

Each term of the series (3.L.6) contains information on the position of
the target, but in actual practice only the information contained in the
constant component and in the first harmonic of the expansion is used. The
constant component is used in the automatic selector channel and in the AVC,
while the first harmonic is used in the mismatch signal channel. Therefore,
in order to obtain the transfer function of the modulator in the expansion
(3.4.6) it is sufficient to retain the first two terms.

The derived expression can be simplified if the components CO and Cl,
which are functions of the angular deflection Ag, are expanded into a power
series of Af. In the case of small mismatches it is sufficient to leave only
the first terms of the expansion in the derived series. This gives a linear
solution of the problem.

Now we will consider an example of computation of the modulating func-
tion, approximating the static directional diagram of the antenna by some

function. In addition to being an illustration of the method of computing

Fy(d6 - Boe-th), the example will make it possible to establish some of the
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general properties of the modulator, characteristic both for other forms of
approximation and for real diagrams.

If the antenna has axial symmetry, its spatial diagram can be approxi-
mated by a surface of revolution, the generatrix of which is a function de-
sceribing the directional diagram in one plane. The equation for such a spatial
diagram is obtained by replacement of the argument included in the expression
for a "plane" diagram by the absolute value of the complex angle.

We will assume that the normalized directional diagram of the antenna /95

in a single plane is approximated by an exponential function. Then for pas-
sive (unidirectional) direction finding we will have

re=ep[-14(z) ] (3.4.7)

where 90 is the width of the directional diagram for hal f-pover.

The equation for a spatial diagram of a scanning antenna assumes the form

Fjp —8e%|) =exp {—1—4 {3y + B2 — 23 g cos (26 + dm}- (3.4.8)
Y

Tn order tc obtain the modulating function entering intc expression
(3.&.1) it is necessary to replace the current values of the coordinates B' and
¥ in equation (3.4.8) by the target coordinates A9 and ©. Then

Fu (86, 9, f) =exp {—1—074 [A02 4 £ — 2403, cos (2¢ + ?)]} . (3.4.9)
(1}

The envelope of the signal at the receiver output is

14
Urec = kreckp.EoGo exp {—}3 [M2 + 53-2“3., cos (2£ + 7)]} ; ( 3"*’10)

Here k. ... is the transfer coefficient from the antenna output to the receiver

output.

Tt follows from formula (3.4.10) that the signal at the output of the re-
ceiver is related by a nonlinear dependence to the angular mismatch of the
target.
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By expanding FM(AQ, ®, t) into a Fourier series we obtain an expression

for the constant component and amplitude of the first harmonic of this function;
these are proportional to the corresponding components of the mismatch signal

: 2 2
A fo + 20 ) 2,8%
-5 = — = I, — AB]),
5 = exp ( 1,4 5 o ( 0 0)

5+ 46 ’
¢, = 2exp (—1,4"307-—) I, (2'8 "Aﬂ). (3.4.11)

v 0\]

Here Io(x) and Il(x) are modified Bessel functions of the zero and first

kind, respectively.

Figure 3.9 shows the dependence %%::f(ég) for different values of the rela-
pl

tive angle of displacement of the maximum of the directional diagram BO/GO. In
the case of small mismatch angles, the value & changes insignificantly. With

an increase of the mismatch angle to a value 25-30 percent of the width of the
directional diagram the constant component does not change by more than 10 per-
cent. In this range of angles, it can be assumed constant and equal to its

value for a zero mismatch. With an increase of the ratio BO/GO the mean signal

level decreases, which leads in the long run to a decrease of the effective
range of the direction finder. It should be noted that if the receiver con-
tains AVC operating on the basis of the mean signal level the dependence of
this mean level at the output of the receiver on the mismatch angle will differ
from the curves shown in figure 3.9. The difference is that there is a

4 1 L i ] 1 1 1 1
0 02 04 66 08 10 12 14 16 18 2,043
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Figure 3.9
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broadening of the zone of the characteristics where the mean level changes
1ittle with a change of the mismatch angle.

Figure 3.10 shows the dependence ¢, = f( gl?", determining the character {96
0

of the change of the amplitude of the first harmonic of the mismatch signal,
for different values of the ratio BO/GO. In the case of mismatch angles which

are 25-30 percent of the width of the directional diagram the function q:zf(?b

0
ig close to linear. Then comes & zoneé of saturation which ends with a segment
with negative steepness where the amplitude of the first harmonic decreases
with an increase of the mismatch angle.

Analysis of the curves shown in figures 3.9 and 3.10 reveals that the
modulator can be considered as a linear apparatus if the mismatch angle does
not exceed 25-30 percent of the width of the directional diagram. Such a
situation is correct both for different kinds of approximating functions and
for real directional diagrams.

c
After expanding E? and ¢y into a power series and retaining the first /97

terms of the expansion we obtain

%
%,'— ~ exp (——1,4-70 Y
B ) 28%
¢, < exp (_1’4_63) —'g— A0,

In the analysis of the modulation process in a linear approximation the
envelope of the video pulses at the output of the receiver has the form

w0 = Upll + mcos @t +9)]. (3.4.12)
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where Up:zkreékaoG(Bo) is the mean amplitude of the pulses at the output of
the receiver; G(BO) is the amplification factor of the antenna in the equisignal

direction; m = kmAe is the depth of modulation of the pulses at the output of
the receiver.

The coefficient km characterizes the change of the depth of modulation

with displacement of the target by a unit of angle measurement and is called
the modulation transfer coefficient or the steepness of the modulation charac-
teristic. It is measured either in percent per degree or in percent of a
thousandth of the distance (a thousandth of a radian). As will be clear from
the text which follows, the coefficient ky plays an important role in the

selection of some parameters of the direction finder, and therefore we will
discuss its determination in somewhat greater detail. If the directional dia-
gram of the antenna is described by the function F(B), for the case of passive
direction finding the coefficient k,, can be computed using the formula

OF (8)
03 g, (3.4.13)
F)

Ry =

The value km is doubled for active direction finding. In computations it is

convenient to use the formulas

Ba D
kmzll-.25_o_._a__%_,
90 A degree

(3.4.14)

D
k ~ 0.2y P0 Pa 4 ,
80 * distance x 103

where Da is the diameter of the antenna; A is wavelength.

Formulas (3.3.14) were derived for approximation of the directional dia-
gram by the exponential function (3.L4.7) and with the relation g, ~ 66 %;
taken into account. They give good agreement with the value ky determin:d ex-

perimentally. The value 60/90 is selected in such a way as to obtain the {98

maximum angular sensitivity of the direction-finding apparatus with the instru-
ment noise of the receiver taken into account and falls in the range 0.5-0.6.
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Formulas (3.4.1L) make it possible to select some parameters of the direc-
tion finder if the value k. is known or to estimate the value kp if the param-

eters of the direction finder are known. In particular, they indicate that by
shortening the wavelength it is possible to decrease the size of the antenna
vwhile maintaining the former value kp. The latter circumstance plays an impor-
tant role for the coordinators of homing rockets whose size is small. However,
a transition to shorter waves can lead to a decrease of the effective range of
the direction finder as a result of an. increase of absorption of electromag-
netic energy.

By knowing the coefficient ky it is easy to determine the static angular
error Afgyr of the direction finder by stipulating the minimum distinguishable

modulation depth m%dist

T+ has been established that in a real apparatus the presence of parasitic
modulation, instrument (receiver)noise and instability of the circuits of the
output stages of the direction finder make it impossible to detect the mismatch

Using formula (3.L.15) it 1is impossible to determine the accuracy of the
coordinator under real operating conditions vecause a static regime (case of a
fixed target and a fixed direction finder) is not encountered in actual prac-
tice. A4 knowledge of the coefficient km alone is inadequate for determination
of the dynamic errors of the coordinator, even in the case of a known law of
motion of the target. In addition, in the case of a real (not a point) target
there will be errors in determination of the bearing due to fluctuations of the
emplitude of the reflected signal and fluctuations of the apparent center of
reflection, which considerably exceed the value of the static error. However,
an effort always should be made to obtain the highest possible value of the
coefficient km, since with its increase there is a decrease of the zone of

insensitivity of the direction finder, which exerts a favorable influence on
the character of transient processeés in the coordinaotr, and as will be shown
below, decreases the error caused by fluctuations of the signal reflected from
the target.

Usually there is a linear mismatch signal detector at the output of the
modulator. If the transfer coefficient of the detector is denoted kD’ the vol-
tage of the mismatch signal at its output can be written as

u.:kDmUpcos (Qt«}—q:):lﬁ)k,,.% AB cos (¢ + 9). (3.4.16)
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Equation (3.4.16) will be written in a somewhat different form /99

U= k0 cOs ¢ cOs 2f — k, ABsin ¢ sin Q¢ (3.4.17)

where ky = kamUp is the transfer coefficient of the modulator.

Using the obvious relations A6, = AG cos @ and Aey = A6 sin @, we obtain

&4y = kMAez cos Rf — kMAey sin 2¢. ( 3. L '18)

Figure 3.11 is the block diagram of a modulator constructed using formuls
(3.4.18). The operation of modulation of the input signals is reflected by
links with variable transfer coefficients proportional to cos 1t and sin Qt,
respectively.

The block diagram of the modulator can be shown differently by intro-
ducing the concept of complex amplitude of the mismatch signal. If the complex

jo©
angular mismatch of the target Ag = AGZ + jAey = AeeJ 1s used as the input ac-

tion of the modulator, the output signal of the modulator will be a complex
temporal function

u,—=U,e™. (3.4.19)
Here ﬁM is the complex amplitude of the mismatch signal, equal to
U": Ul — k,ABC’F, (3.&.20)

Figure 3.12a, b shows block diagrams of a modulator for the complex tem-
poral function and for the complex amplitude of the mismatch signal.

The relative simplicity of the resulting block diagrams can be attributed
to the fact that they were constructed for a linear approximation, when the
value of the angular mismatch does not exceed 25-30 percent of the width of the

ab,
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Figure 3.11
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directional diagram for half-power. This condition usually is satisfied in the
absence of interference. However, when there is interference the peak values
A8 can exceed the indicated value and the represented mathematical model will
not correspond to the real apparatus. It therefore is necessary to check the
correctness of the assumptions made concerning the linearity of the modulator.
It is assumed (ref. 48) that if the mean square value of the input signal /100
does not exceed one-third of the saturation value of a similar signal in the
real system, the probability of saturation for such a signal falls in admis-
sible limits. Otherwise, it is necessary to construct the block diagram of the
modulator on the basis of more general relations (3.4.10) and (3.4.11), which
naturally sharply increases the difficulties of analysis of the direction
finder.

Another characteristic of the modulator is the dependence of its transfer
coefficient kM on the level of the received signal; this is expressed in the

=il

fact that the intensity Ey of the received signal enters this coefficient as a

factor. In actuality, it follows from (3.4.16) and (3.4.12) that

Koy = kpB G(By)k k- (3.4.21)

Such a dependence is characteristic of automatic control systems which
contain electronic apparatus in their links.

Since it is desirable to have constant transfer coefficients for the ad-
justable parameter (in this example--angular mismatch) in automatic control
systems, the mentioned dependence of kM on Eg should be eliminated. This is

accomplished introducing automatic volume control into the receiving channel.
In such apparatus automatic volume control usually is introduced both into the
intermediate frequency amplification channel ("backward™ AVC) and in the mis-
match signal amplification channel ("forward" AVC). The necessity of a double
AVC system dictates extremely rigorous requirements on the constancy of the
modulator transfer coefficient and the entire direction finder.

The introduction of automatic volume control into the receiving channel
makes the modulator stationary in relation to the adjustable parameter and
nonstationary in relation to the electric signal, the carrier of this param-
eter, The latter should be taken into account during analysis of the passage
of the signal through the receiver, especially when this signal contains noise.
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The next element of the block diagram of the direction-finding apparatus
is an ac smplifier. The amplification link of the single-channel part of the
circuit in ac systems is described either by the transfer function for the
instantaneous values of the signal or when using the method of complex ampli-
tude, a transfer function for the envelope.

The process of finding the transfer function for the envelope is quite
complex but it is simplified appreciably if the circuit has a two-channel very
low-frequency component with identical channels in which the sinusoidal and
the cosinusoidal components of the mismatch signal are used to an equal degree.
In such systems the transfer function for the envelope is obtained by simple
replacement of the instantaneous values of the operator D by D + jQ in the-
transfer function (ref. 47).

If the instantaneous value of the voltage at the output of the am- {101
plifier can be written as

u, = Wa(D)ui, (3.4.22)

where wa(D) is the transfer function of the amplifier, the complex amplitudes

of the mismatch signal at the amplifier input and output are related by the
equation

A e
U, = Ma(D + JQ)UM.

The form of the transfer function Wa(D) is determined for the most part

by the type of filter used. However, frequently the inertia of the amplifier
is such that it can be neglected in comparison with the inertia of the other
elements of the coordinator. Hereafter it will be assumed that the amplifier
is inertialess. At the same time it is assumed that it can introduce into the
mismatch signal some constant phase shift which appears as a result of incor-
rect phasing of the system.

Therefore, in the block diagram the mismatch signal amplifier can be
described by the complex transfer coefficient, whose amplitude and phase char-

acteristics are not dependent on frequency.

The equation for complex amplitudes assumes the form

. _ . _ JH‘
Uy = k 0y = keo 0. (3.4.23)

Here ka is the absolute value of the amplifier transfer constant; p is the
phase shift introduced by the amplifier,
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The amplifier is followed by a demodulator which consists of two phase
detectors. It can be assumed that the phase detectors perform the operation of
multiplication of the mismatch signal by the two reference signals which are
periodic functions of time and are displaced relative to one another by a
guarter period. If the reference signals constitute harmonic functions of time
the mismatch signal is multiplied by a voltage proportional to cos (-Qt) in
the phase detector of the lateral deflection channel and by a voltage propor-
tional to sin (-Qt) in the phase detector of the longitudinal defiection chan-
nel. The minus sign assigned the arguments of the trigonometric functions
formally reflects the fact that the demodulation process is the reverse of the
modulation process for the mismatch signal. 1In addition, it is assumed that
the phase detector filter transmits only the slowly changing part of the re-
sultant signal.

If there is no additional phase shift in the mismatch signal amplifica-
tion channel (W = 0), by performing the mentioned operations we obtain expres-
sions for the signals at the output of the phase detectors of the course

 channel
Uy, = KppUycos @ (3.4.24)
and the pitching channel /102
Upp y = KpplaSin @ (3.1.25)

Here kPD is the phase detector transfer coefficient.
The value kpp is dependent on the type of phase detector used. In the
case of ideal multiplication of signals kPD = 0.5.

By multiplying both sides of equation (3.4.25) by j = /-1 and adding it
to equation (3.4.24) we obtain a single complex equation

uPD= uPDz +juPDy=kPDljae}¢=kaﬂa- (3'14" 26)

Equation (3.4.26) shows that the signal at the output of the demodulator
is obtained as a result of multiplication of the complex signal from the am-

plifier by eI ong its changes by kp, times.

In actuality,
“PD= kPJigm:kPDﬂaeiete—ju:kaJa. (3')4'27)
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The block diagramsof the demodulator for a complex temporal function and
for a complex amplitude are shown in figure 3.13a, b.

The construction of a block diagram of a demodulator for instantaneous
values of the signals, taking into account the additional phase shift p, are
somewhat more complex. We obtain equations relating the voltages at the out-
put of the phase detectors to the expressions for the instantaneous value of
the mismatch signal at its input, which when p # O has the form

Iza:%cos(9t+cp-4—p). (3.14.28)

By multiplying the mismatch signal by cos (-Qt) and sin (-Qt), and also
taking into account the transfer coefficient of the phase detector, we will
have

U, = RapUcos ¢ cos p — kp U singsinp, } (3.4.29)

Yppy = ke glh cOs @ sinp. + kel gsin @ cos .

Since u =k Uacos ¢ and u

D =z PD y = kPDUa51n @, we finally write

PD

’

Uop, = U, COS P — Uy, SiO P, l

Uy = Uy, S+t COS . | (3.4.30)

It is easy to see that when p = O’uﬁD 2 = Upp 4 and uéD ¥ = uPD vy /103

Figure 3.1k4 is the block diagram of a demodulator designed on the basis
of the derived equations.

Sometimes an allowance is made for the inertial properties of the demod-
ulator which owe their origin to the presence of filters in the phase detec-
tors. This requires only the replacement of the phase detector transfer coef-
ficient kPD in the earlier written equations by the transfer function

kpp
WPD(D) = TPDD + 1 (3.4.31)
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where>TPD is the time constant of the phase detector filter.

However, in the further analysis the inertial properties of the phase
detector will not be taken into account because its inertia is negligibly
smell in comparison with the inertia of such elements of the coordinator as
the control apparatus.

The output stages of the direction finder are dc amplifiers performing
the rote of elememts coupling the phase detectors with the subseguent links of
the coordinator.

These are characterized by the transfer coefficients kDCA 1 and’kDCA PY

In the case of identical values of the DCA transfer coefficients for both
= = ’ £ £ i tion
channels (kBAC-l kDCA 5 kDCA)’ as ‘the output voltages of the direction

finder we will have

uDF z kDCAPﬁD z’?
(3.4.32)

“pr y = *pca’PD v
Converting to complex values, we obtain
Yor = Yor 2 * I%Fy = KpcaPp’

Figure 3.15a is the block diagram of a direction finder for the real
coordinates and instantaneous values of the mismatch signal in the amplifica-
tion channel. Figure 3.15b is the same block diagram, but for the complex
coordinates and the complex temporal functions in the mismatch signal am- /104
plifier channel. The block diagram (fig. 3.15c) was constructed for the -
complex amplitudes of the mismatch signal.
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The direction finder as a link of the automatic control system is charac-
terized by the complex transfer coefficient kDF’ relating the complex mismatch

angle A9 and the complex voltage Upp s in accordance with the formula

upe = kpphe. (3.4.33)

Here

Ju Jp
kpp = kppe = BoG(Bo)k b Kok K kppknape

The block diagram of the direction finder as a link in the control system
is shown in figure 3.16a for real coordinates and in figure 3.16b for complex
coordinates.

It follows from figure 3.16a that when p = O the direction finder is
broken down into two independent channels, one of which is used for measurement
of the angle A6, and the other for the angle Aey. However, if W # O, such a

breakdown becomes inadmissible due to the appearance of a cross connection be-
tween the channels.
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The module of the complex transfer coefficient of the direction finder/105
characterizes the value of the mismatch voltage (current) at the output of
the direction finder when there is deflection of the target relative to the
equisignal direction by a unit of angle. It can be computed or determined from
experimental data as the steepness of the linear segment of the direction find-
ing characteristic.

tional Diagram of a2 Direction Finder w

t-NN as Vallii X

nstantaneous Equisignal Direction

o
=]
=0

Direction finders with an instantaneous equisignal direction were devel-
oped, in particular, due to the need for increasing the accuracy of systems for
automatic tracking of a target in direction. This can be attributed to the
fact that direction finders with an equisignal direction are insensitive to am-
plitude fluctuations of a gignal reflected from a target. Various variants of
direction finders with an instantaneous equigignal direction now have been
developed. Some of them form part of so-called monopulse radar stations (refs.
41 and 42).

One of the most typical and, in some respects, most modern is a direction
finder in which an add-subtract method for determination of the mismatch angle
is used.

Figure 3.17a is a simplified functional diagram of such an apparatus. The
direction finder antenna system consists of four elements Al’ Ae, A_ and Ah’

3

whose relative positions are shown conventionally in figure 3.17b.

Depending on the position of the directional diagram of each element it
is possible t0 have either amplitude or phase direction finding of the target.
In the case of amplitude direction finding the phase centers of the individ-
ual elements of the antenna are situated quite close to one another and the
maxima of their directional diagrams are displaced by a certain angle relative
to the axis of the antenna (fig. 3.18a).
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In the case of phase direction finding the phase centers of the individual
elements of the system are spaced at the distance d and the maxima of their
directional diagrams are oriented along the axis of the antenna (fig. 3.18b).

The antenna elements Ay, Ay, A3 and A) are connected by a waveguide /106

to devices for summation and subtraction of high-frequency signals. The pur-
pose of the phase inverters (PIl_PIh)’ situated between the antenna and the

add-subtract devices, will be clarified below.

Three high-frequency signals are formed at the output of the add-subtract
devices: the signal u,, carrying information on the angle of deflection of the

target in the plane ogx,z, (fig. 3.19), the signal u, carrying information on
the target in the plane omxmym,.and the reference signal uz.

The mentioned signals are fed to three identical mixers Mixl, Mix2 and

Mix3, which also receive a voltage from the common heterodyne Het. After fre-

quency conversion in the mixers, the signals are amplified in the intermediate
frequency amplification channel which consists of three lines (IFAl, IFA_,
2

IFA3) and are fed to the phase detectors PD, and PD,.
The signals at the output of the phase detectors have the form of de
pulses (when the direction finder has pulse operation), whose amplitude is

Figure 3.18
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Figure 3.19

dependent on the value of the angular deflection of the target relative to the
axis of the antenna, and the polarity is determined by the direction of this
deflection. The pulses are amplified by the video amplifiers VA1 and VA2 and
are widened in the peak detectors Ple and PkDE.

The constant components of the voltages of the widened pulses, which /107
are amplified by the dc amplifiers DCA and DCAE, are discriminated at lhe

\, an
output of the peak detectors.

The design of the antenna system of a direction finder with an instanta-
neous equisignal direction is dependent on the form of direction finding used,
the method for movement of the eguisignal direction, the admissible size, etc.
Usually the antenna has a clover-leaf primary radiating element with a common
reflector or cloverleaf lens antennas. In t ase of mechanical displacement
of the equisignal direction it is desirable to avoid the use of rotating wave-
guide couplings in the design of the antenna system because they can cause
errors in determination-of the direction to the target.

o
2l

1
d
c

v

The equisignal line can be moved electrically in direction-finding appara-
tus with an instantaneous equisignal direction (ref. 53). The electrical
shifting of the equisignal direction is accomplished most easily in direction
finders with a phase method of direction finding; in this case it is charac-
terized by an equality of the phase shifts of the high-frequency oscillations
in the different receiving channels.

Phase inverters PIl_PIh are introduced into the waveguide transmission

channel for the electrical shifting of the equisignal direction (fig. 3.17a);
these phase inverters perform an additional shifting of the phase of the car-
rier of the received signal. Using phase inverters 1t is possible to eguate
the phase shifts of the carrier of the received signals caused by displacement
of the target relative to the axis of the antenna, and the phase shifts intro-
duced by the phase inverters in-each of the receiving channels for a given
value of the angle of deflection of the target. Therefore, the change of the
value of the phase shifts introduced by the phase inverters is equivalent to
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the change of the position of the equisignal line relative to the axis of the
antenna,

The value of the phase shift is regulated either mechanically by introduc-
tion of a dielectric into the waveguide or electrically by the magnetization of
a ferrite inserted in the waveguide. We note in passing that in some compli-
cated circuits the electrical shifting of the equisignal direction is possible
also when using the amplitude method of direction finding of a target.

An important element of the antenna-waveguide system in the add-subtract
analysis of the received signals is an apparatus for forming the sums and the
differences of the high-frequency oscillations. A classical example of the
design of such an apparatus is a double waveguide triplet. However, in {108
actual practice it is more convenient to use hybrid ring connections and
slotted bridges (refs. 41 and L49).

The elements of the antenna-waveguide channel should be designed in such a
way that, in the working range of frequencies, the change of amplification of
these elements and the phase changes introduced by them are in admissible
limits.

A receiver of a direction finder with an instantaneous equisignal direc-
tion and add-subtract analysis of the signal contains three identical channels
for the conversion of frequency and amplification.

It is supplied with a quite high-speed automatic volume control system
which excludes the influence of a change in the intensity of the received sig-
nal on the steepness of the direction-finding characteristic, or, which is the
same, on the value of the transfer constant of the direction finder.

The add signal is used for formation of the voltage of the automatic
volume control system. In such a circuit for producing the voltage of the
automatic volume control system there is a normalization of the amplitudes of
the add and subtract signals relative to the amplitude of the add signal. In
this case the amplitude of the output voltage of the add channel in an ideal
case is constant in time, but the amplitude of the output voltage of each sub-
tract channel becomes proportional to the ratio of the amplitudes of the sub-
tract and add signals.

The remaining automatic regulations of the receiver--automatic frequency
tuning and an automatic selection system--can be designed using the same cir-
cuits as in the receiver of a direction finder with conical scanning. These
controls are not shown in figure 3.17.

The output apparatus of the direction finder includes phase detectors,
video amplifiers, peak detectors and dc amplifiers.

The phase detectors receive signals directly from the intermediate fre-
quency amplifiers. Therefore it is necessary to use those circuits of phase
detectors which have relatively small input capacitances and a high input
resistance.
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The use of video pulses is dictated by the fact that the introduction of
amplification at the video frequency makes it possible to avoid the use of
multistage dc amplification circuits having a low stability of the zero. The
circuits of the video amplifiers should be designed in such a way that both
positive and negative pulses are amplified to an equal degree.

The output stages of the direction finder--the dc amplifiers--are used for
coupling the direction finder to the succeeding elements of the coordinator.
The principal requirements imposed on the dc amplifier circuit essentially
involve the requirement for symmetry and linearity of its amplitude character-
istic. In addition, the dc amplifier should have a small zero drift. Z109

The most important regulations which must be accomplished in direction
finders with an instantaneous equisignal direction are similar to the regula-
tions of a direction finder with conical scanning. For example, the balance
apparatus excludes the possibility of electrical asymmetry of the output stages
of the direction finder. The mismatch signal at the output of the direction
finder should be equal to zero if the target is situated precisely on the equi-
signal line.

A direction finder with an instantaneous equisignal direction is phased
both for a high frequency (in the circuits of the antenna-waveguide channel to
the add-subtract circuits), and for an intermediate freguency. As will be
shown below, the absence of high-frequency phasing leads to a displacement of
the zero of the direction-finding characteristic and in some cases to the
appearance of a cross comnnection between channels, and a dephasing of the inter-
mediate frequency causes changes of the steepness of the direction-finding
characteristic.

A nominal amplification device is necessary to obtain a given value of
the transfer constant of the direction finder. It usually constitutes part of
the range finder output.

3.6. Block Diagrams of Direction Finders with an
Instantaneous Equisignal Direction

In constructing the block diagram of a direction finder with an instanta-
neous equisignal direction for phase direction finding of a target we write
equations which reflect the successive conversion of signals with their passage
through the circuits of the direction finder.

We will assume that the target is deflected relative to the axis of the
antenna o x_ (fig. 3.19) by the angle Aey in the plane o x y ,and by the angle
Aez in the plane OXmZm Then for the emf in the circuits of the antenna ele-

ments A;, Ao, A3 and Ah we can write
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exn, = U, F (A9) sin (m 7" %) ,
— Pz
ex = U,F (AB) sin ((o T)’ (3.6.1)
eas = U,F (AH) s.n(mt —_+.‘§;),
. ¢
exv=UoF (a0)sin (0f — 2 — 52),

where UO = EOGOkp is the amplitude of the signal in the antenna in the direc-

tion of the maximum of the diagram; Py and ¢, are the phase shifts of the. /110

carrier caused by movement of the target relative to the axis of the antenna of
the system.

The values Py and ¢, are related to the angles of deflection of the target

by the following expressions

2nd
¢y———T—su1A6 (3.6.2)

?z——E{L&HAG

Here d is the distance between the phase centers of the antenna elements and A
is the wavelength.

In the derivation of formulas (3.6.1) it was assumed that the directional
diagrams of the individual elements of the antenna are identical and have axial
symmetry relative to the direction of their maximum. The latter circumstance
makes it possible to write an expression for the spatial directional diagram as

F(A0), where A6 = }/Zgzﬁ—Aez, If the direction finder operates in a pulse
regime, a time factor should be introduced into (3.6.1) or it should be as-
sumed that formulas (3.6.1) are correct only for the time of the effect of the
pulse.

We will assume that the waveguide system and the add-subtract devices do
not introduce attenuation and additional phase shifts. In addition, we take
into account that, in phase direction finding, the signal phase is turned by

% in the reference channel before the mixer. The device performing this phase

shift is shown in figure 3.17 by a dashed line. Then for the voltages u,, u

72
and Us, at the input of the mixers Mixl, Mix2 and Mix3, we obtain Y
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u, = % [(ear+ens) — (eaz+ex)] =

= 2U,F (AD) sin %icos %{cos of,

u, .——'% [(ea1 4 €as) —(eas+en)] =
(3.6.3)

?
= 2U,F (A9) sin Ty cos -%i cos w?,

Uy ”—"% [(ea: + en2) + (eas +ea)]

P

w|

= 2U,F (A9) cos% cos % cos of.

The factors 1/2 in front of the brackets of expressions (3.6.3) were
introduced taking into account the balance of powers in the add-subtract
devices. The subscript n/2 outside the bracket in the last formula means that
after the operations indicated in the brackets are performed the phase of /111
the high-frequency signal should be turned by x/2.

It is useful to note that according to (3.6.3), in the add-subtract analy-
sis of the signal, all four antenna elements are used in forming the mismatch
signals in both measurement planes.

The signals at the output of the intermediate frequency amplifiers, on
the assumption that the transfer constants of each channel are equivalent and
that there are no additional phase shifts, have the form

—_— i Pz Py
uinz = 2U,F (A9) k,sin 5 Cos5 cosa nt’
L
g ,—_—QUOF(Aﬂ)klsm{%ces%cos%nt, (3.6.4)

I Pz ?)'
u 2= 2U,F (A9) &, cos 5 cos 7cosmint,

where w, 1s the intermediate frequency; k1 = kMikuFA is the transfer constant

of the receiving channel, equal to the product of the transfer constant of the
mixer (kMix) and the intermediate frequency channel amplification factor

IFA) )

The voltages u;, , and U, y are multiplied in the phase detectors PD]_ and

(x

PD2 by the reference signal U s and the phase detector filters pass only the
slowly changing components of the resulting products.

The operations performed by the phase detectors can be written conven-
tionally as follows
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Upp z = ¥pp%in z%in ¥
(3.6.5)

= kppin y%in 57

where the line over the product denotes an averaging operation.

An ideal multiplier performs the multiplication of two harmonic oscilla-
tions with the coefficient 0.5. Since the phase detector is not such an ideal
device, in the following formulas this circumstance will be taken into account
by the phase detector transfer constant kpp.

The voltages at the output of the direction finder are related to the
voltages UPD z and uPD ¥ by the expressions

= kupp 45

o

=

N
1

(3.6.6)

= kupp

where k2 = kVAkPkaDCA is the transfer coefficient of the output device of the

direction finder, and k k k are the transfer coefficients of the

PkD’ "DCA

video amplifier, peak detector and dec amplifier.

VA’

In the derivation of formulas (3.6.6) it was assumed that both chan- /112
nels have output devices of equal amplification.

Combining formulas (3.6.6), (3.6.5) and (3.6.4), we obtain

3 UIF (00 Bkodds (1 + cos ) sin, |

u 9
1
5 U3ZF? (D) k3k, fos (1 + cOS @,) sing,. (

D

(3.6.7)

ﬂ:
Bey=

After substituting the values ¢, and @y from (3.6.2) into (3.6.7) we final-
ly will have

1

Uy ==5 ULF? (A8) k3kp s (1 + cos @) sin (—2—;(1— sin A92> ) (3.6.8)
o 3.6.
4_y= 5 U (A8) K2k, s (1 + cos o) sin (# sinaf,).

116




It follows from (3.6.8) that the voltage at the direction finder output is
related to the angle of deflection of the target by a nonlinear dependence.
The equisignal direction, that is, the direction where Upe 5 = Ypp ¥ = 0,

coincides with the direction of the axis of the antenna (86, = 46 = 0).
The transfer constants of the direction finder for the lateral and longi-

tudinal deflections, determined as the steepness of the direction-finding
characteristics of the corresponding channel in an equisignal direction

|7, ena k= [%e2]

= 4 gA =0
A, = 0 DF [ oad, Jag -0
are equal to

for e = UZF* (40) k2 o (1 + cos ¢,) =2 |

. .6.
hory = UZF? (88) k2K, ey (1 + cos 9,) 22 (3.6.9)

Formulas (3.6.9) show that the steepness of the direction-Ffinding charac-
teristic of each channel is dependent on the transfer constant of the individ-
ut si

ual links of the direction finder, the inp si
deflection of the target in the plane normal to
considered channel.

ignal level d the angle of
e d

The instability of the steepness of the direction.finding characteristic
w:tb a2 change of the level of the received signal is eliminated to a consider-

e degree by automatic volume control.

The dependence of the steepness of the direction-finding characteristic
on the angle of deflection of the target in the plane normal to the plane of
deflection of the target for a particular channel indicates the presence of a
singular cross connection between channels., This connection is such that the
sensitivity of the direction finder for any one coordinate decreases with an
increase of target deflection for the other coordinate.

Such a connection is characteristic of any type of direction-finding /113
apparatus in the case of large deflections of the target from an equisignal
direction when the direction-finding characteristic becomes essentially non-
linear. It was not taken into account in the construction of the block dia-
gram of the direction finder with conical scanning, since only the linear
variant corresponding to small values of angular deflections of the target from
an equisignal direction was considered.

Figure 3.20 shows the block diagram of a direction finder constructed
using equations (3.6.8). The cross connection has been shown conventionally
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in order not to complicate the drawing. In addition, the following coefficient
was introduced for shortening the expression

’ 1 2
kDF: 5 UgF“ (Ae) k?kp Dkg.

In the case of small deflections of the target, when the replacement cos
9, y;slﬁ sin P, yﬁw P, yis admissible, the block diagram breaks down into two
) ) J

independent channels with identical transfer constants

DF

k= UF? (a6) bk, o 22 (3.6.10)

After introducing the complex coordinates A8 = AG, + jAey and Upp = Upp 4 *
juDF 32 we Obtain

= k__Ae 6.11
Uop = Kpptto (3.6.11)

where k- is determined using formula (3.6.10).

Thus, in the case of small mismatch angles the direction finder of the con-
sidered type can be represented in the form of a single link with a real trans-
fer constant.

We now will discuss the selection of some parameters of the antenna sys-
tem, characterizing it as a link of the automatic control system. From this
point of view the antenna performs the function of conversion of the angular
deflection of the target, from the equisignal direction into a change of phase
of a high-frequency oscillation, in accordance with the equation

2nd
@zz——r—su1AQ

The efficiency of this conversion is characterized by the coefficient {11&
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fg = 4 (3.6.12)

The larger the value k_, the greater is the sensitivity of the direction
finder. However, an extreme increase of the coefficient k¢ can lead to ambigu-

ity in reading of the angles and therefore to the appearance of false equisig-
nal directions. The appearance of spurious equisignal directions can be
avoided if it is required that, with a change of the angular position of the
target within the limits of the width of the directional diagram, the phase
shift of the high-frequency oscillation falls in the limits +x.

Mathematically this condition is written in the form

wo3—<arcsm —2;- (3.6.13)

where 60 is the width of the directional diagram of one of the antenna elements.

h of the antenna directionel diagram does not exceed 200 in
) we can use the simplified expression

A
b, <3 -

Formula (3.6.13) makes it possible for a given width of the directional
diagram to select the value of the conversion factor k¢ and vice versa, from

the given value k@, select the width of the directional diagram.

We now will construct the block diagram of a direction finder with an
instantaneous equisignal direction for amplitude direction finding. First, we
will write relations describing the conversion of information on the apgular
position of the target relative to the equisignal direction into an electrical
signal. This is done using the method employed for obtaining similar relations
presented in section 3.Lk.

We will assume that all four antenna elements have directional diagrams
of identical configuration.

Figure 3.21 shows in a Cartesian coordinate system the position of the
maxima of the directional diagram of the antenna elements relative to one an-
other and relative to the equisignal direction. Here the point o' denotes
the trace of the equisignal direction on the plane of the drawing and /115
Ol’ 02, 03, ok denote the traces of the maxima of the directional diagram.

We will assume that the angular deflections of the maxima of the directional

diagram of the individual antenna elements BOl’ 802, 303 and BOH are identical
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Figure 3.21
and equal to BO. In addition, we will assume that the values of the angles of
displacement of the maxima relative to the axes of the coordinate system related

to the equisignal direction also are equal to one another, that is,

pou = @Oyl - 30z2 - BOy‘_’ = 3023 - .BOya =Boa = ‘.30ys =B, c*

Under these conditions

eoc:%ao. (3.6.1L)

Assume Xi = F(Bi), where i assumes the values 1, 2, 3, 4, is the equation

of the normalized spatial amplitude directional diagram of one of the antenna
systems, written in a coordinate system related to the position of the maximum
of the directional diagram of this element. Here Bi = By + jByi is the com-

plex unfixed angle. Since the reading of the angular coordinates of the target
is accomplished relative to the equisignal direction, the equation of the direc-
tional diagram should be written in the coordinate systenm o'B'ZjB'y. After
replacing Bi = B - BOi’ we oObtain

Xi:F@/‘—ﬁot)- (3-6-15)

If each of the diagrams has axial symmetry relative to the direction of |
the maximum, then
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X;=F (B — Bul)- (3.6.16)

gV

Since BO' = Boe , with the arrangement of the antenna elements shown in
i

figure 3.21, we will have

_=x __3 7 5
qal—_z-’ %—T‘R, ('P:;:TW, q)(:_&_—’:'

Replacing the unfixed value of the angle B' in (3.6.16) by the angle A6
characterizing the deflection of the target relative to the equisignal direc-
tion, we obtain expressions describing the conversion of the angular coordi-
nates of the target into electrical signals.

As the emf in the circuits of the antenna elements A1 s A2, A3 s Ah, we can
write

eay=UoF (V' (88, — Boe)® + (A8, — Bo0?)sin ef,
ens=UgF (V' (a8, + Boc)® + (A8, — Boc)?) sin of,
exs = UpF (¥ (88, — $oc)® + (88, + Boc)) sin ot
exs = UgF(V (a9, + Bec)® + (80, + Bo 9°) sin ot. l

(3.6.17)

It follows from (3.6.17) that there is a nonlinear dependence between /116
the angular deflections of the target and the amplitudes of the received
signals. 1In the case of small deflections of the target relative tc the egui-
signal direction, expression (3.6.17) can be linearized by expandine the func-
+tion deseribing the directional diagram into a power series. Then

[ OF (82, By)
en=U, [F B) + _"'d_éz?‘y_‘]a‘,':_g'cAez +
by =—%e

OF (B2, 8By)] A
+ [—03,’__ o cAey] sin of,

By=—bc
[ OF (3;, By)
exa=Uj [F 60+ ], o 80+
5 =—hos

OF (B:, By) .
-+ [__——0.5,, ]3: o4s Aey] sin of,

fy—he
OF (8;, By)
en=Us [Fo +[Zo B a0+
By=+85¢
oF (32, 8y) .
[T]af—eo Ady|sinet.
By=*Pf o
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OF (B,
en="U, [F o+ [ TG ae

By =+Bc

oF (B2, By)
L JS

=+8

y 0oC

Taking into account that the derivative .?i;_:”_p’i <0, we finally write
2,y

e =UF Bo) [1 + £, A8, + k,.Ab, | sin o,
eay=UF By) [1 — k.,A6, - k,.A0,] sin o, (3.6.18)
erxs= U F @) [1 4 £, A8, — k.,A0,] sin wf,
eans=UoF (Bo) [1 — £, A8, — k;.A8,] sin o,

The following notation is used here

[ OF (82, By)

93z,y ]ﬁz =2be
k, — ﬁy-iﬁoc
mn F (o) ’

If the directional diagram is approximated by an exponential function, /117
the following dependence exists between the coefficient km, determined by
formula (3.4.14) and the coefficient k'

L1
b= hm.

The relations (3.6.18) are basic for writing the following equations for
signal conversion in a direction finder with amplitude direction finding,
similar to the expressions (3.6.1) for a direction finder with phase direction
finding.

The subsequent signal conversions are similar to those described earlier
with the sole difference that in this particular type of direction finder there
is no phase shift by n/2 in the add signal channel.

Now we will write the final expressions for the voltages at the output of
the direction finder

Y o= 2UZF? (8,) kfkptk2k:nA62y
Uory = 2UGF* (Be) K3k, ok A8, (3.6.19)

DFY

Converting to complex coordinates » we obtain
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®
= kDFAe, (3.6.20)

where kDF 2U2F2 (B )kngDkgk' is the direction finder transfer constant.

Thus, in the last analysis the block diagram of a direction finder with am-
plitude direction finding consists of a single inertialess link with a real
transfer constant.

In particular, the simplificty of the block diagram can be attributed to
the fact that only the linear regime of operation of the direction finder, cor

T wALWwid a4 dlldd L > wASA -
responding to small mismatch angles, was considered.

In the case of large angles of deflection of the target from the equisig-
nal direction and in this particular type of direction finder it is necessary
to expect the appearance of cross connections between the channels similar to
those which occurred in the direction finder with phase direction finding.

The special characteristic of direction finders with an instantaneous equi-
signal direction is that each such apparatus includes several signal conversion
channels which are gsimilar in function. The relations presented above are cor-
rect Tor a case when all the conversion channels of the same type are iden-
tical, as occurs in an ideally adjusted direction finder. However, in actual
practice, such an electrical symmetry can be disrupted for one reason or an-
other. The nonidentity of the amplitude characteristics of the elements of the
direction finder performing identical conversions in different channels leads
to a relative change of the amplitudes of the signals passing through {118
these elements. The difference in the phase characteristics of the elements
of the same type in the channels causes the appearance of a relative phase
shift between the signals passing through them. Therefore, hereafter for
brevity the difference of the amplitude characteristics will be called ampli-
tude unbalance, and the difference of the phase characteristics will be called
phase unbalance.

Amplitude and phase unbalance exert an unlike influence on the operation
of the direction finder, depending on whether they occur before the formation
of the add-subtract q1gnals (so to speak, in the antenna system) or afterwards
(in the receiver).

In phase direction finding the phase unbalance in the antenna system causes
a displacement of the zero of the direction-finding characteristic, which is
equivalent to displacement of the equisignal direction relative to the axis of
the antenna. The value of the displacement of the equisignal direction in any
one plane is expressed by the formula

arcsin 9,

Aeerr ZT (3.6.21)

or for small values 9
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po___ = L

err kﬁp

Here 9 is the relative phase shift of signals passing through two similar
channels of the antenna of the system.

An amplitude unbalance in the antenna system of a phase-type direction
finder does not lead to displacement of the equisignal direction.

In a direction finder with amplitude direction finding the phase unbalance
causes displacement of the equisignal direction by the value (ref. 108)

VG_+ sin® P tan? Ps- 1

gpe = e 1
kn sin ¢, tan 9,

, (3.6.22)

err

for small values of phase shifts %, and P55 when the inequality sin2 91

tan® 9, << 1 is correct,

sin ¢ tan ¢,

- (3.6.23)
err gk;n )

A8

where 95 is the relative phase shift of the signals passing through two similar
channels of the receiver.

It follows from (3.6.23) that the error in the position of the equisignal
direction occurs only when there is simultaneously a phase unbalance in the

antenna system and in the receiver.

The errors in the position of the equisignal direction in the case of an
amplitude unbalance are determined by the relation

b, o~ Dl

err ““EZZ g +1° (3.6.24)
kl

Here ql = El characterizes the value of the unbalance of the amplitudes /119
1

occurring in the antenna system.

Thus, for elimination of the systematic errors in the position of the
equisignal direction in direction finders of the considered types, the antenna
system must be regulated carefully.
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If such a regulation is made, the amplitude and phase unbalance in the
receiver no longer causes displacements of the equisignal direction and is re-
flected only in the steepness of the direction-finding characteristic, or,
which is the same, on the value of the direction finder transfer constant.

It can be shown (ref. 41) that in the case of nonidentity of amplifica-
. !

. K2

tion of the different receiver channels, characterized by the value g, =AE5,

and with a relative phase shift Ps of the signals passing through two similar

11
¥8! il

(14]

~ls .
(O 84 1icL o

E2) o) iver,
determined by the relation

k¥ = kDFq2 cos 9. (3.6.25)

Here kDF is the transfer constant of a direction finder with ideal regu-

lation. In the case of an amplitude-type direction finder it is expressed by

- . ~ £ maN - 2 . N - - - - - - PR
Coruuia {(3.6.20), and for a phase type by formula (3.6.10). Formula (3.06.25)
shows that the presence of phase unbalance in the receiver leads Lo a decrease

of the sensitivity of the direction finder. When P, = n/2 there is a total
3

loss of sensitivity, and when % < 9, <.§ st the sign of the mismatch signal be-
P 2

comes opposite, which leads to disruption of operation of the coordinator.
However, such a case is possible only when the direction finder operates in-
correctly.

The fact that the position of the equisignal direction does not change
when there is an amplitude and phase unbalance in the receiver (if the antenna
system is regulated) is an advantage of a direction finder with add-subtract
signal analysis over other simpler direction finders.

In a direction finder with phase direction finding there is a relatively
simple relationship between the displacement of the equisignal direction rela-
tive to the axis of the antenna and the relative phase shift of the received
signals introduced by the antenna of the system. This relationship is ex-
pressed by formula (3.6.21). This circumstance is exploited for displacement
of the equisignal direction electrically.

The principle of operation of direction finders with electrical displace-
ment of the equisignal direction is as follows. High-frequency phase {120
inverters are introduced into the waveguide system connecting the antenna
with the add-subtract devices (fig. 3.17); these phase inverters are used to
change the phase shift of the received signals by a definite value, known in
advance. I
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Shifting of the phase of the received signals by the phase inverters
reduces the voltages at the output of the direction finder to zero, compen-
sating the phase shift of the signal caused by displacement of the target from
the axis of the antenna. By knowing the parameters of the antenna system and
the values of the phase shifts introduced by the phase inverters and using
formula (3.6.21) it is possible to determine the angle by which the target is
deflected from the axis of the antenna. If the phase shifte are introduced
automatically on the basis of the mismatch signals appearing at the output of
the direction finder with displacement of the target from an equisignal
direction, such an apparatus performs the automatic tracking of the target in
direction with the antenna in a fixed position.

We will construct the block diagram of a direction finder with electrical
displacement of the equisignal direction. The phase of the received signal
in each supply waveguide is dependent on the deflection of the target both in
the plane o x z and in the plane X m (fig. 3.19). The phase inverter
apparatus therefore should permit independent compensation of these phase shift
components. With respect to an electrical phase inverter, this condition
means that the ferrite in each of them should have two windings, the current in
one of them being regulated in dependence on the value and sign of the mismatch
signal UDF 2’ while the current in the other is regulated in dependence on the

value and sign of the mismatch signal UDF v The direction of the ampere turns

of the windings is set in such a way that the phase shift introduced by the
phase inverter is Oopposite in sign to the phase shift of the signal caused by
displacement of the target relative to the axis of the antenna.

If all the phase inverters are identical and do not introduce additional
attenuation, in place of (3.6.1) we will have

ear= U,F (A8) sin (mt R L B “’PZ),

_?L"_%z_.}_ﬂﬁ)

exy = U,F (AB) sin| ot + 5 5

’ (3.6.26)

(
exs= U,F (A8) sin (mt ——%i—}——-‘g&_f_% __vgﬁ
( .

Sy
R ¢ 2 2
er=U,F (a8) sin (0t — 2 + B — % B

).
).

where mpz is the phase shift introduced by the phase inverter for compensation

of the phase shift of the signal caused by displacement of the target in the
plane OnXpZy» and Ppy is the phase shift introduced by the phase inverter for
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compensation of the phase shift of the signal caused by displacement of the
target in the plane omxmym.

We use the notations ZlZL

—?Z %Z’
=8 T %y

Then equations (3.6.26) assume the form

ex, = U,F (A9) sin (mt + i?-’— ";‘”) :
-7

ero=— U,F (A9) sin | ot (3.6 )
3.6.27

en, — UyF (A9) sin| of —

(ot +5
exs= U,F (A9) sin (mt —;— + “;’ ) .
)

Equations (3.6.1) are transformed into (3.6.27) if q)y in each of them is

re?iaced by A':py and 9, by A;pz. Therefore, in place of (3.6 7) we immediately
write

w|~ w‘

Upe: UZF? (A9) k2k_ k(1 +- cos Ap,) sin A,

Bey

(3.6.28)

UZF? (A9) k2k, k2 (1 - cos A9,) sin Ag,.

Since in the process of automatic tracking of the target, Acpz and Aq)y will

be small, it can be assumed that cos A:p ~~ 1, sin Ay ~ Mo , and in
Z,Y z,¥ Z,Y¥
‘g 21td
addition, for small angles, ® — 486, .
z,y~ » Y
Then
4 ’ 2 d
Gz = DF(ch_%)z)zk ;("LAez—‘ km"pz) ’
(3.6.29)

ry = Roe(®y — Bpy) =k, (2). A8, — @:.’i)y),
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where the following notation is used
’ 1
kb= ULF* (89) 2k, ko,
where kP is the transfer constant of the phase inverter, and u__ and u__ are
I bz by

the voltages fed to the windings of the phase inverter.

Converting to complex coordinates, we obtain

u, = (5 a0 — k). (3.6.30)

DF DF

Formulas (3.6.29) and (3.6.30) can be used for constructing the block dia-
gram of a direction finder with electrical displacement of the equisignal /122
direction. For real coordinates, the block diagram is shown in figure 3.22a,
and for complex coordinates, in figure 3.22b,
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The block diagrams of the above-mentioned direction finders with an
instantaneous equisignal direction, in the case of small deflections of the
target from an equisignal direction, reduce essentially to a single inertialess
link with a real transfer constant. Tn the case of large angles of deflection
of the target a "crossover"” feedback is formed between the channels, leading
to a decrease of the transfer constant of the direction finder, but as before
its value remains real.

However, it should not be supposed that, in contrast to a direction finder
with conical scanning, the dynamic properties of a direction finder with an
instantaneous equisignal direction always will be described by a real transfer
constant. Departure from the classical model of such a direction finder,
described sbove, can lead to direction finder circuits in which the transfer
constant will be a complex value. For example, in a direction finder in which
there are two amplification channels instead of three (ref. 41), additional
phase shifts in the receiver lead to the appearance of direct antisymmetrical
connections between the channels, and as a result its transfer constant becomes
complex.

3.7. Target Selection

In an analysis of the operation of direction finders of different types
in the preceding sections, it was assumed that a signal from a single target
was received by the direction finder antenna. However, in actual practice such
a situation can be encountered only in rare cases, which can be attributed, in
particular, to the low spatial selection of the antenna systems of the coor-
dinators of homing rockets, caused by the small size of the antennas. For
example, when the "angle of view" of the direction finder is 20°, obtained
using an antenna in the 3-cm wavelength range and a reflector approximately 20
cm in diameter, the direction finder at a range of 10 km will "view" a circle
with a diameter greater than 3 km.

If there are several targets in the "angle of view™ of the direction 1123
finder, the operation of an automatic tracking system based on angular
coordinates becomes unstable.

The selectivity of electronic homing systems is increased when additional
selection is introduced, which makes it possible to detect the signals of
only one target of those which are in the "angle of view" of the direction
finder.

Range target selection usually is used as additional selection in pulsed
direction finders. Target selection on the basis of the rate of change of
range usually is introduced in continuous radiation systems.

The introduction of additional selection also solves a number of secon-

dary but important problems: it protects the coordinator receiver from
direct radiation in the case of semiactive homing, eliminates reflection from
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the ground and increases the signal-to-noise ratio at the output of the
receiver, which increases the limiting sensitivity of the direction finder,
ete.

Finally, automatic seleccors can serve as instruments for measuring the
range coordinates or the velocity of approach in a case when it is necessary
to measure such coordinates, for example, when controlling the time of detona-
tion of the warhead.

1. Range Target Selection

The functional diagram of automatic range target selection, shown in
figure 3.23, was constructed for use in the coordinator of a semiactive homing
system.

The selection circuit includes a receiver and the antenna of the
direction-finding channel, a system for automatic tracking of the target in
range, a receiver and the synchronization channel antenna. The antenna
of the synchronization channel is mounted in the rear part of the rocket, {l2h
and together with the receiver of the synchronization channel is used for
reception of the sounding pulses of the radar station for "irradiation" of the
target. These pulses are used for triggering the time delay stage of the sys-
tem for automatic range tracking of the target.

In the coordinator of a system for active homing there is no synchro-
nization channel in the form in which it has been described above. Its role
is performed by a synchronizer producing pulses for triggering the transmitter.

The system for automatic range tracking of the target (automatic selec-
tor) includes: a time discriminator, a control device, a searcher, a time
delay stage, a strobe pulse generator and a gate pulse generator.

Automatic range target selection is accomplished as follows. The video
pulses of the target are fed from the output of the receiver of the direction-
finding channel to the time discriminator. The latter is also fed two strobe
pulses with a time difference. A mismatch signal is produced at the output of
the time discriminator; the level is dependent on the value of the displacement
of the center of the target pulse relative to the middle of the strobe pulses,
or, in other words, on the value of the time mismatch between the target
pulse and the strobe pulses. The polarity of the mismatch signal is deter-
mined by the sign of the time mismatch. 7

On the basis of the mismatch signal the control device forms a voltage
causing a change of the duration of the time delay stage pulse. The search
circuit is situated between the control device and the time delay stage. When
the automatic selector operates in a regime of automatic target range tracking,
the search circuit plays the role of an amplifier.
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The time delay state is triggered by pulses fed from the synchronization
channel and produces pulses whose duration is determined by the voltage fed
from the control device. If the time mismatch between the target pulse and the
strobe pulses is equal to zero, the duration of the pulses generated by the
time delay stage is proportional to the rocket-target range.

The gate pulse generator and the strobe pulse generator form gate pulses
and strobe pulses, respectively. The time position of these two types of
pulses corresponds to the time position of the clipping of the time delay
stage pulse.

The direction-finding channel receiver is blanked by a negative bias fed
to the grids of the tubes of the intermediate frequency amplifier and this
is removed only with receipt of a gate pulse. Since it is somewhat wider
than the target pulses, the triggering of the receiver occurs at the time /125
directly preceding the time of arrival of the signal reflected from the
selected target. Signals from other targets situated at different ranges with-
in the limits of the "angle of view" of the direction finder do not pass to the
output of the direction-finding channel receiver.
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The selected pulses are fed from the output of the receiver of the
direction-finding channel to the output device of the direction finder and
to the automatic volume control system.

The regime of automatic range tracking of the target, described above,
is preceded by a regime of search and pickup of the target. The target can
be picked up manually or automatically.

The operator can pick up the target manually prior to the launching of
the rocket. The operator, observing targets on the radar set scope, manually
superposes the gate pulse on the mark of that target which is to be attacked.
Further target range tracking is accomplished automatically by an automatic
selector.

Automatic pickup of the target can be accomplished automatically either
at the launching site or in trajectory, that is, after the launching of the
rocket. In an automatic search regime the gate and strobe pulses are moved
along the time scale, or, which is the same, along the range scale, in con-
formity to a periodic law determined by the form of the voltage produced by
the search circuit. A target is picked up whose reflected signals possess
sufficient strength.

An advantage of manual pickup is that it is possible to select the tar-
get to which the rocket should be guided, but in this case the range of rocket
launching is decreased.

In the case of automatic target pickup in trajectory the launching range
is increased considerably, but at the same time in some cases the possibility
of selecting the target is lost.

2. Velocity Target Selection

Recently much attention has been devoted to radar systems with continuous
radiation of radio waves. The coordinators of homing systems employing con-
tinuous radiation, in some cases, have a number of advantages over pulge
coordinators. One of them is the possibility of target selection on the basis
of velocity. The introduction of velocity target selection makes it possible
not only to detect a signal from a single target when there are several, but
also to distinguish it among sufficiently strong signals arriving from the
fixed background surrounding the target. The latter circumstances increase
the efficiency of homing systems with continuous radiation when used against
low-flying aircraft and ships (ref. 51). Velocity target selection is based
on the use of the Doppler effect in which, as is well known, with the relative
movement of the transmitter and receiver, the frequency of the oscillations/126
picked up by the receiver differs from the frequency of the radiated oscilla-
tions by a greater value, the greater the velocity of their relative motion.
The difference between the frequencies of the radiated and received oscilla-
tions is called the Doppler frequency increment FD’ or simply the Doppler
frequency.
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The Doppler frequency is related to the radial velocity component vr(t)

of the relative movement of the receiver and transmitter by the following
expression

Ve (B Vr(h)

e (3.7.1)

=1

where f is the radiation frequency, A is the wavelength and c¢ is the speed of
light.

The elocity is that the
automatic selector contains a narrow-band filter tuned to the Doppler fre-
quency corresponding to the velocity of approach of the rocket to the selected
target. Angular tracking is accomplished on the basis of the signal passing
through the mentioned filter. Therefore, the signals arriving from other tar-
gets, for which the approach velocity differs from the selected velocity, and
signals arriving from the fixed background surrounding the target do not pass
into the system for the tracking of the target on the basis of angular
coordinates.

3 £ -
on on the basis of v

The nasis for target select

One of the possible circuits for the selection of a target on the basis
of velocity for a semiactive homing system is shown in figure 3.24. It con-
sists of & gdireclion-finding channel, a synchronization channel and a system
for automatic tracking of Doppler freguency (automatic selector). In the
selected variant the automatic selector circuit includes: balancing 1127
mixer BM2, narrow-band amplifier, frequency discriminator, search circuit,

reactance tube and tunable generator.
The operation of a system for automatic target selection on the basis of

velocity involves the following. A signal reflected from the target arrives
at the antemna of the direction-finding channel; its frequency is

fore = T+ Ty + Fpoo

where FDl is the Doppler frequency increment caused by approach of the rocket
to the target, and FD2 is the Doppler frequency increment caused by approach of
the target and the transmitter of the "irradiating pulse.”

The antenna of the synchronization channel, situated in the rear part of

== rocket, receives a signal from the radar set used for "irradiation" of the
target. The frequency of this signal is

fse =T - Fp3»
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Figure 3.2L4

where FbS is the Doppler frequency shift caused by withdrawal of the rocket
from the transmitter of the "irradiating" pulses.

These signals are fed to the mixers Mix1 and Mixg. They also are fed oscil-
lations with the frequency fh from the common heterodyne Het.

After conversion in the mixers and amplification in the intermediate fre-
quency amplifiers IFA1 and IFA2 of the direction-finding channel and the syn-

chronization channel the signals are fed to the balancing mixer BM ; the sig-

nal of the direction-finding channel has the frequency f'n - FDl - FD2 and the
i

signal of the synchronization channel has the frequency fin + ¥, where fin =
fh - f is the intermediate frequency.

The frequency of the signal forming at the output of the balancing mixer

is equal to FD = FD1 + FDQ + FD3’
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This signal is amplified in the Doppler frequency amplifier DFA to the
level necessary for normal operation of the automatic selector. If the fre-
quency Fp remained constant during the entire time of rocket guidance, it would

be sufficient for target selection to narrow the DFA transmission band. How-
ever, due to the change of velocity of approach, the frequency FD changes its

value in a relatively broad range. The circuit therefore should be supple-
mented by an automatic selector, that is, by a narrow-band system for tracking
the change of the Doppler frequency.

The target velocity automatic selector can be designed in various ways.
T+ is most common 0 use circuits with a "track" filter and with automatic
trimming of the low-frequency "track" heterodyne (ref. 50). The voltage from
the output of the DFA and the voltage of the "track" heterodyne are fed to the

balancing mixer BM,. The signal at the output of BM, has a frequency equal to
2 2

the sum of the frequencies of the fed oscillations: FZ = FD + Fh' This signal
is amplified by a narrow-band amplifier with constant tuning and is fed to a{lEB
frequency discriminator and to the output device of the direction finder, where
it is used as the selected mismatch signal in the system for direction tracking
of the target. If the frequency F_ changes its value relative to the nominal

value, for example, due to the change of the Doppler frequency, at the output of
the frequency discriminator there will be a mismatch voltage. By means of a
reactance tube it changes the frequency of the oscillations generated by the
"track" heterodyne by such a value that Fi again assumes its nominal value. The

gsearch circuit in the regime for tracking the Doppler frequency operates as an
amplifier. The pickup of the target, as in the system for range tracking of a
target, can be manual or automatic. In automatic target search, the search cir-
cuit generates a voltage which changes in amplitude in accordance with a peri-
odic law. Accordingly, there is a periodic change of the frequency of the sig-
nal generated by the "track" heterodyne. The appearance in the search range of
a signal with the frequency FD leads to cessation of the search regime. The

automatic selector then automatically tracks the frequency FD.

3.8. Block Diagram of a Fixed Coordinator

A fixed coordinator consists only of a direction finder and therefore the
processes in such a coordinator can be described by the equation

“pr

W = T Y (3.8.1)
TPDD + 1
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Here vy is the angular mismatch, Unp is the voltage at the output of the coordi-
nator, kpp is the direction finder transfer coefficient, and TPD is the time
constant of the phase detector filter.

If it is admissible to neglect the time constant of the filter, the equa-
tion for a fixed coordinator assumes the form

Upp = Kpp V- (3.8.2)

For the earlier discussed types of direction finders with an instantaneous
equisignal direction, the transfer coefficient kDF for the direction finder

will be a real value. The same can be said with respect to direction finders
with an integral equisignal direction in a case when there are no cross connec-
tions between channels in the direction finder. The equation for a direction
finder with a real transfer coefficient is obtained from (3.8.2) as a special
case.

The block diagram of a coordinator designed in accordance with equa- 5129
tion (3.8.2) is shown in figure 3.25. Here the angle € characterizes the
position of the target relative to a fixed frame of reference and the angle &
determines the position of the longitudinal axis and the equisignal direction
related to it, relative to this same frame of reference.

These coordinator equations are correct only in a relatively narrow part
of the entire "angle of view" of the direction finder. In a broader range of
change of the angles vy, the dependence between the measured value of the mis-
match angle and the actual value of this angle has a nonlinear character. As
mentioned, the form of this dependence gives the direction finder characteris-
tic. It therefore follows that when a fixed coordinator is used it is impos-
sible to employ guidance methods requiring the use of large deflection angles,
since the difference in the measured and actual values of these angles exerts an
appreciable effect on the quality of the operation of the homing system.

3.9. Block Diagram of a Coordinator with Mechanical
Displacement of the Equisignal Direction

In addition to a direction finder, a moving coordinator contains a control
device for moving the equisignal direction relative to the body of the rocket.
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Extremely high requirements are imposed on the dynamic properties of the con-
trol devices of the coordinators of homing rockets; a number of circumstances
account for these high requirements. In particular, the coordinator should be
well "decoupled" relative to the angular motions of the body of the rocket.
~ This means that it should not reproduce the rapid angular oscillations of the
rocket which are inevitable during its flight. Insofar as possible the errors
in target tracking should be minimal, even in the case of relatively short
ranges to the target, when the angular velocity of the line of sight is high.
In addition, an important requirement imposed on the coordinators of a number
of homing rockets is the requirement of a precise and technically quite simple
measurement of the angular velocity of the rocket-target line.

It can be shown that the mentioned requirements are satisfied most com-
pletely by a coordinator with a gyroscopic control device. In addition to its
high dynemic qualities, an important property of gsuch a coordinator is the
absence of "hunting noise™ in the control signal, which occurs in coordinators
with other types of drives and which is caused by the need for controlling /130
the angular oscillations of the rocket. In addition, as pointed out in
reference 53, an attempt +to measure the angular velocity of the rocket-target
line by means of a coordinator having a nongyroscopic drive causes the appear-
ance of a positive feedback in the control circuit,which can lead to unstable
operation of such coordinators.
of

Ac an
n

Ex S

=3 o a
equisignal direction we will consider

. . . . .
xampl moving coordinator with mechanical 4
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al di e of
one-gyroscope coordinator (ref. 107).

The functional diagram of the coordinator is shown in figure 3.26. This
shows a three-power gyroscope which includes a rotor 1, an internal frame 2,
an external frame 3 and two correcting motors 4 and 5. The axis O Xy is the

principal axis of the gyroscope. The axes O, Y, and 0Lz are equatorial axes.

The gyroscope rotor is rotated relative to the axis 01Xy with the angular
velocity Qg. An antenna system A is attached to the inner frame of the gyro

unit. The form of the antenna system is determined by the type of direction
finder.

The mismatch signal caused by the displacement of the target in relation
t0 the equisignal direction, which coincides with the direction of the axis
okxk, is formed by the direction finder 6. It then is amplified in the power
amplifiers 7 and 8, and is fed to the correcting motors 4 and 5 which are used
in imparting momenta to the internal and external frames of the gyroscope.

The axis of the gyroscope rotor will experience precession relative to the
0 Vi axis of the external frame of the gyroscope under the influence of the

momentum created by the motor 4, and relative to the axis o,z of the internal

frame of the gyroscope under the influence of the momentum created by the motor
5. The system is phased in such a way that the precessional motion of the
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axis of the gyroscope rotor leads to elimination of the mismatch between the
direction to the target and the equisignal line. When the equisignal direction
coincides with the line of sight the mismatch signal becomes equal to zero,
which causes disappearance of the correcting momenta, and precession of the
gyroscope ceases.

In order to obtain the block diagram of the coordinator we will write /131
the equations defining the processes in its individual links.

The direction finder equation has the form
u _—k A6. (3.9.1)

The power amplifier is represented in the form of an inertial 1link

— ka
b = TaD+l uDF’ <3'92)

where uK is the voltage at the output of the power amplifier, and ka and T,

are the amplification factor and the time constant of the power amplifier,
respectively.

The relationship between the correcting momentum developed by the cor-
recting motor and the voltage fed to the motor is expressed by the equation
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M= —jkMuK' (3.9.3)

Here kM is the momentum transfer coefficient of the motor. The factor -J

takes into account the cross distribution of the correction signals. Finally,
the gyroscope transfer function can be obtained by using an equation relating
the applied momentum to the complex angle of turning of the axis of the
gyroscope rotor. The linearized gyroscope equation has the form

L —iHp =N, (3.9.4)

Here J, is the eguatorial moment of inertia of the gyroscope, Eé = JQg is the

kinetic moment of the gyroscope, and J is the moment of inertia of the gyro-
scope rotor relative to the principal axis.

In operational form equation (3.9.4) can be written as

J
&= H.D (1 + jaD) M. (3.9.5)
J,
Here a = —-.
g

Equations (3.9.1), (3.9.2), (3.9.3) and (3.9.5) were used to construct the
block diagram of the coordinator shown in figure 3.27.

The input action € is a complex angle characterizing the position of the
target in a nonrotating coordinate system Op XV Zo (fig. 3.28). The out- /132

put value is the angle €K’ determining the position of the equisignal direction.

The block diasgram contains three links reflecting the dynamic properties of the
direction finder, the power amplifier and the gyroscopic control apparatus.
Since the equations which were used in the construction of the block diagram
were written for complex coordimates the block diagram is for a single-channel
apparatus. The presence of links with complex transfer functions in the single-
channel circuit indicates that in a two-channel circuit, corresponding to the
writing of equations for real coordinates, there are cross connections between

£ 49 x #pFri Kg ) £m &x
DF Y l +hed,

Ex

Figure 3.27
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channels. This can be confirmed by converting from the writing of equations in
complex form to their writing in real form. In actuality, assuming for
small deflection angles in equations (3.9.1)-(3.9.5) € = ¢, + jey, ex =

Jp

€+ le u + J Uy = uKZ + JuKy and assuming kDF = kDFe , we

= .
Kz Ky’ 'DF ~ DF z DF y’

obtain the system of equations

U, .=k AB,cosp — kDFAOy sin,
u _y==k A8, sinp k. AB, cosp,
— ka
U, — TaDT Y2
u __fa
Ky — u .,
ZaD“ oF? (3.9.6)
Ekz = E% Uy, _|_ aDexy,
k
Ty == _HMD uyy, — aDeKz,
Aez =&; — &
Aﬂy =g, —&,.

Figure 3.29 shows a block diagram constructed on the basis of equations
(3.9.6). The circuit has two cross connections between channels. The first is
due to the presence of an additional phase shift p of the mismatch signal in
the direction finder, and the second to the presence of an equatorial moment of
inertia J, of the gyroscope. Both connections are antisymmetrical: the /133

first is a direct link and the second is a feedback (ref. 54). If the phase
shift p is insignificant in absolute value and the equatorial moment of inertia
of the gyroscope is small in comparison with its kinetic moment, the cross con-
nections can be neglected. The channels become autonomous and the block dia-
gram of the coordinator breaks down into two identical circuits. In this case
the analysis of the spatial movement of the coordinator can be reduced to an
analysis of both plane movements.
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We will assume that the cross connections are negligibly small and we will
establish the principal properties of the coordinator with a gyroscopic drive.
It will be demonstrated below how important it is to take cross connections
into account. Since the circuits of both channels are completely identical when
there are no cross connections, in the subsequent computations the subscripts
showing to which channel the variable apply will be omitted (fig. 3.30).

The transfer function of an open circuit of the coordinator is written as

W, (D)= “DrfaM i’ . (3.9.7)

HgD(?éD-i-l) D(TD+1)

kDFkakM

Here kv =—x is the amplification factor of the velocity coordinator.
g

We note that the transfer coefficient of the electronic part of the coor-

dinator--the direction finder--is included as a factor in the velocity amplifi-
cation factor.

The dependence between the angle €, characterizing the direction to {lBh
the target, and the angular position of the equisignal line eK is given by
the relation

WD b, )
&= T3 We(D) - D'+ D +ky (3.9.8)
e 48 Up ra |ur | KM Ex
*or Tah+1 o
e
K
Figure 3.30
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It therefore follows that a coordinator, as an apparatus for measurement of
the angular position of the target on the basis of dynamic properties, is
equivalent to an oscillatory link.

Since the correcting moment is proportional to the voltage fed to the
correcting motor u,, and the rate of precession in turn is proportional to

the applied moment, by measuring U, is iIs possible to determine the rate of

precession. In the case of automatic tracking of the target the rate of move-
ment of the coordinator axis will be equal (with an accuracy to transient
processes) to the rate of movement of the rocket-target line. Therefore, the
voltage u, characterizes the angular veloeity of movement of the line of sight.

In actuality, the connection between the angular movement of the target and the
voltage u, is determined by the relation

kDFka

5 €
T.,D=+ D + kV

(3.9.9)

uC:

In steady-state movement, in the case of a constant angular velocity of
the rocket-target line, we have

Hy |
U, = == &, (3.2.10)
M

With respect to its dynamic properties, the coordinator as an apparatus for
measuring angular velocity also is equivalent to an oscillatory link.

Formulas (3.9.8) and (3.9.9) can be simplified if the inertia of the power

amplifier is small. When the condition Takv << 1 is satisfied, in place of
(3.9.8) and (3.9.9), we obtain

= TD+T1 ° (3.9.11)

uC:—kM(_TDg—fTE’ (3.9.12)

where

In this case the coordinator, on the basis of dynamic properties, both
with respect to angle measurement and measurement of the angular velocity of
the line of sight, is equivalent to an inertial link.
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Using the coordinator described above it is possible to measure also the
angle vy betwzen the direction to the target and the longitudinal axis of the
rocket. The coordinator is coupled to a potentiometer for measurement of the
angle y in any plane. The body of the potentiometric sensor is attached /135
40 the axis of that frame of the gyroscope in whose deflection plane the
angle Yy is measured,and the sliding contact of the sensor is connected to the
body of the rocket. In the case of automatic tracking of the target the volt-
age from such a sensor will be proportional to the angle y between the direc-
tion of the target and the longitudinal axis of the rocket.

The relations obtained above, characterizing the dynamic properties of
the coordinator for an ideal case when there are no cross connections between
the channels, meke it possible to judge bolh the stability of the system and
the quality of the processes of control. 1In particular, it can be concluded
that the coordinator maintains stability regardless of how large the amplifica-
tion factor may be, since the characteristic equation of the system has the
second order of magnitude. This assertion requires explanation. In the
derivation of the formulas for the transfer functions of the coordinator a
number of simplifying assumptions were made. For example, no allowance was
made for the inertia of the direction finder, and the inevitable nonlinearities
characteristic of actually constructed automatic control systems were not
taken into account, etc. Allowance for the mentioned factors naturally modi-
fies somewhat the conclusions drawn concerning the stability of the system.

Now we will clarify the effect of cross connections on the dynamic pro-
perties of the coordinator, retaining those simplifying assumptions which were
made above. The results will make it possible to compare the properties of a
system having cross connections with the properties of an idealized gystem,

When cross connections are taken into account the equation relating the
output angle of the coordinator to the angle characterizing the position of the
target is written as

k,
=D D+ D +/aD)+ k" (3.9.13)

The influence of cross connections on the stability of the system can be
represented most graphically by defining a region of stability in the plane of
one complex parameter (ref. 30). As such a parameter it is convenient to use
the complex coordinator velocity amplification factor kV. In accordance with

" the D separation method, used in defining the region of stability, in the char-

acteristic equation of the system, which for the considered coordinator has the
form

D(T D + 1) (1 + jaD) + k, =0, (3.9.14)
it is necessary that D be replaced by jw.
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In the derived expression the independent variable will be w, which
changes from -» to =, and the function will be the complex coefficient kV =

le + jkvg. The dependences k__ = fl(w) and k___ = f2(w) represent the

V1 V2
parametric equations of the boundary of the region of stability in a Cartesian
coordinate system OlejkVE'

After replacing D by jw in (3.9.14), we obtain

k, = —Jjo (ja)Ta + (1 —aw) = —Taam3 F Ty0? + j(—ov — aw?).

Hence

=T w2 -7 aw3
K = Ta a8®”,
2 (3.9.15)
Kyo

-w - aw”.
We now transform equations (3.9.15), converting for convenience to /136
the dimensionless parameters

1l

’ ’ ’ a
ki =ky oo kyy =Ry, T, ky =k, T, a=7 and w=ol.

Then from (3.9.15) we obtain

kl‘,lzw?(l——aﬂ”l)v (3 9 16)

kyy=—o (1 + a,).

Formulas (3.9.16) are used to determine the regions of stability of the
coordinator in the plane of the complex transfer constant for different values
J
e

>
0T,

of the parameter a] = characterizing the value of the cross connection,

caused by taking into account the equatorial moment of inertia of the gyroscope
(fig. 3.31). The rays drawn from the origin of coordinates intersect the
curves, being the boundaries of the region of stability, at points with iden-
tical values of the relative frequencies wl.
When taking into account only the one cross connection caused by the addi-
tional phase shift of the mismatch signal in the direction finder (case a; = O),

the region of stability is bounded by a parabola (curve a, = 0 in figure 3.31).

1

The upper branch of the parabols corresponds to negative values w, and the

branch of the parabola situated below the x-axis corresponds to positive values
w
1.
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If the parsmeters of the coordinstor are guch that the sc-called figura-
tive point 11eq ithin the region bounded by the parabola, the coordinator is
stable (in figure 3.31, the point A with the coordinates k'Vaua) Movement of

the figurative point to the boundary of the region of stability (to one of the
branches of the parabola) means that the particular solution of the eguation of
' +jwt /
T + 3 B + 3 ~ 3 + 3 7 +ha Fovm - & T2
characteristic motions of the coordinator will have the form €K = €gpe /137

Therefore, the axis of the coordinator will experience circular motion and this
is equivalent to a loss of stability. We note in passing that, whereas the con-
cept of negative frequency for unidimensional systems in a certain sense has an
arbitrary character, for two-dimensional systems it is completely specific.

For example, the change of the sign of frequency in the solution of the con-
sidered example means a change of the direction of rotation of the axis of the
coordinator.

Thus, using the diagram (fig. 3.31) it is possible to judge the stability
of the coordinator if the values of its parameters (kVTa and k) are given in

advance, or such values of these parameters are selected which ensure the stable
operation of the coordinator.

An important problem in the investigation of a coordinator is the admis-
sible value of the phase shift p, introduced by the direction finder, or, in
other words, the admissible value of the skewing of the axes of the measurement
coordinate system. Figure 3.31 shows that for each value of the product kVTa

there is a corresponding minimum phase shift angle p for which the coordinator
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becomes unstable. The mentioned angle will be called the critical phase shift
angle p.p.-

It is easy to obtain a dependence establishing the relationship between the
critical angle of the phase shift and the coordinator parameters. In actuality,
from (3.9.16) when a; = O we have

k= w?,
S } (3.9.17)

Ry = —o,.

But at the same time

(3.9.18)

’ ’
ky, = kVCOSP'CI'}

’ _ ’ .
Ryg = kysinps,,

After excluding Wy from equations (3.9.17) and substituting the values

k'Vl and k', determined by equations (3.9.18), we obtain

tan p.crsil'l HCI‘: kVTa . (3- 9-19)

By solving equation (3.9.19) for W,,., We Obtain

L, = * arccos /I—L.—]‘——l— (3.9.20)
er V 't T wT ) -9

Figure 3.32 shows the dependence of the absolute value of the ecritical
phase shift angle Iucrl on the product kVTa. In the case of large values of

the product kVTa, expression (3.9.19) can be used to obtain an approximate ex-

Pression for the eritical phase shift angle

1
ber™ = VR Ta (3.9.21)
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The dependence (3.9.21) has been shown in figure 3.32 by a dashed line.
The admissible value of the phase shift angle should be less than the critical
value by at least a factor of 5-10; this will be discussed in greater detail
below.

Now we will lake into account a second cross connection, caused by the
o

Wi
presence of the equatorial moment of the gyroscope. When al % 0, the region

of stability becomes asymmetrical relative to the x-axis. For negative values
of the cited frequency w., the boundary of stability is situated somewhat

above the curve a1 = 0 and the farther from it the greater the value al. For

positive frequencies the boundary of stability is represented by a closed '
curve situated within the region bounded by the parabola al = 0. The 4138

dimensions of the region of stability decrease with an increase of al. This

configuration of the boundary of stability is due to the specific form of the
frequency characteristic of a corrected gyroscope, which, as is well known,
has two peaks, one of which is situated at a zero frequency, while the other
e

Je

is at the nutation frequency Q =

o=

When constructing the limits of stability for the case a; # 0 we inten-

tionally selected relatively large values of the parameter characterizing the
degree of cross connection so as to reflect more graphically the decrease of
the size of the region of stability with an increase of the equatorial moment
of the gyroscope. In correctly planned systems the values al are such that

for the actually recorded values of the coordinator parameters (kv, Ta) the

boundaries of stability pass near the curves al = 0.
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The relationship between the critical phase shift angle p r and the coor-
dinator parameters is given by the equation ¢

a

+ b
kVTa kVTa tan W,

(3.9.22)

tan Moy sin W, =

which differs from equation (3.9.19) only by the additional term on the right-
hand side which becomes equal to zero when al = 0, For small values al the
value of this term is small and conclusions on the admissible limits of change
of the angle W, can be drawn on the basis of the curve in figure 3.32.

Now we will clarify the influence of cross connections between channels
on the quality of control processes. We recall that in the absence of cross
connections the motion of the coordinate axes when the coordinator is tracking
a target consists of two independent motions--lateral and longitudinal. Non-
dependence of motions means that the displacement of the target in any one
plane causes movement of the coordinator axes rigorously in this same plane.
The character of the transient process in each channel is determined by equa-
tion (3.9.8), or in the case of small inertia of the power amplifier, by
equation (3.9.11). In the first case the transient process with a jump-like
change of the input action will be either aperiodic or will be oscillatory-
attenuating, depending on the values of the coordinator parameters. In the
second case it always will be aperiodic.

Taking into account cross connections, the transient process in a coor-
dinator will be described by a third-degree linear differential equation with
complex coefficients. Expression (3.9,13) represents the symbolic form of
writing of this equation. The finding of the solution of such an equation
for a given law of change of the input value presents no basic difficulties.
However, the unwieldiness of the resulting solution does not make possible
sufficiently simple clarification of the principal characteristics of the
transient process and the influence exerted on it by change of individual
coordinator parameters. Therefore, it is necessary to use the approach of
maximum simplification of equation (3.9.13), at the same time retaining its
specific character, necessitated by taking into account at least one cross con-
nection. By solving such a simplified equation it is possible to establish
the principal laws characterizing the transient process and then attempt /139
at least a qualitative tracing of the influence exerted on the transient
process by parameters not taken into account earlier.

In the case of a small inertia of the power amplifier and a weak cross
connection, caused by the equatorial moment of the gyroscope, equation
(3.9.13) is transformed to the form

b+ ks = ke (3.9.23)
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The characteristic equation

A+ kv =0

has one complex root
2= —ky = —kye/t = —ky, — Ry, (3-9-24)

Therefore, solution of equation (3.9.23) for zero initial conditions and with
a change of the input action at the time t = O in a jump from to eo =
eoeam, where eo is the module of angular deflection and ¢ is the phase angle

of the target, has the form

o= (1—e s, (3.9.25)

We will assume for unambiguity that the deflection of the targel occurred
in the plane o xpzp (fig. 3.28). As before, the angular deflections in the

rlane opXnZpy will be assigned the real values of the coordinates and the an-
gular deflections in the plane O X, ¥n will be assigned fictitious values of the
coordinates. Then eoinvequation (3.9.25) should be replaced by €, By

dividing both sides of equation (3.9.25) by eOZwerobtain an expression for the

conversion function in relation to a "real" input

s (9

€0z

H,, (= e (3.9.26)

Formula (3.9.26) shows that the conversion function for a two-channel system
in relation to a "real" input is a complex function of the actual variable--
time

H ()=H,  ,O+H,, O (2.9.27)

the real part of which H+lz(t) expresses the reaction of the system to a unit

jump applied to a "real" input, at the output of the lateral deflection channel
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and the imaginary part H+ly(t) determines the reaction to this same action at
the output of the longitudinal deflection channel.
The conversion function H+l(t) is a curve in a three-dimensional space

H H_ t Its projections onto the planes oH t and oH t are respectively
+1z +ly +1z +ly

equal to

_ —tk _cosp .
H ,)=1—¢ " cos (thy, sinp),

(3.9.28)

—tk, cosp - )
Hﬂy (H=e v sin (tky, sin ).

In addition, expressions (3.9.28) can be considered as the parametric
equations of the trajectories of the axis of the coordinator when the "real"
input is fed a unit Jump. It is convenient to use the dimensionless value kvt

as a parameter. Figure 3.33 shows some of the mentioned trajectories corre-
sponding to different values of the phase shift angle W, introduced by the
direction finder.

Using formulas (3.9.28) and the curves in figure 3.33 it is possible to
trace how changes of the value p influence the character of motion of the coor-
dinator axis. For example, when u = O the coordinator axls moves to tre /140
new position of the target (the point +1, jO in figure 3.33) along a
straight line. For values W falling in the interval between 0 and 90°, the
coordinator axis moves toward the target along a spiral. The greater the
value W, the greater is the number of loops of the spiral and the longer will
be the duration of the transient process. When B = 90° the coordinator axis
experiences circular motion with the angular frequency QO = kV. If 90° <p <

1800, the trajectories of the coordinator axis constitute diverging spirals.
Finally, when p = 180° the coordinator axis moves along a straight line in the
direction away from the target.

If the target is deflected in the plane Om¥mYm> the picture of the trajec-

tories of the coordinator axis is turned by 90° relative to the axis OH+lz’
This can be concluded from the fact that the conversion function of the system
for the "imaginary" channel is related to the conversion function of the sys-
tem for the "real" channel by the relation

B 5(8) =8,

In the case of an arbitrary direction of deflection of the target it is

necessary to consider the generalized conversion function of the two-channel
system Hw(t), characterizing a system with Jjump-like transfer of the action to
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both channels simultaneously. If the conversion function H+l(t) is known, the
generalized conversion function is determined as

H () =H_ (1)ef,

where @ is the phase angle of the target.

Analysis of the quality of control processes in a two-channel system of
the simplest form shows that allowance for the cross connection between chan-
nels appreciably changes the dynamic properties of the coordinator. TFor
example, the deflection of the target in any one plane causes motion of the
axis of the coordinator both in the deflection plane and in the plane perpen-
dicular to it.

The character of the the transient processes in each of the channels also
changed. Whereas in the absence of cross connections, a jump-like change of
the input action corresponded only to an aperiodic process for any values of
the coordinator parameters, now in the same type of action the transient
process can have an aperiodiec, oscillatory-attenuating, oscillatory, and
finally, diverging character, in dependence on K, characterizing the relation-
ship between the channels.

These results make it possible to evaluate the admissible value of the
phase shift angle of the mismatch signal Fodm As the admissible value Hadm

we can use that value of it at which the maximum deflection of the coordina-
tor axis in the plane normal to the plane of deflection of the target does not
exceed a stipulated value. From (3.9.28) it is easy to obtain an expression
for the maximum deflection of the coordinator axis along the axis oH+ly as a
function of the phase shift angle

-4 cot
=e " i, (3.9.29)

H«l—ly max
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The curve of the dependence of (3.9.29) is shown in figure 3.34. In the
case of small values p formula (3.9.29) can be simplified. Assuming

sin p~ W and p cot p=~ 1,

we obtain

%.

0
|“adm| < 1.56 H#ly adm

For example, if it is assumed that the maximum deflection of the /1&1
coordinator axis in the plane normal to the plane of deflection of the
target should not exceed 5 percent of the deflection of the coordinator in the
direction of the target, the absolute value of the admissible phase shift
angle p . should be not more than 8°; when H#ly adm = 10 percent, the admis-
sible phase shift angle should be approximately 150, etc. For the analyzed
example, the critical angle of skewing Wep = +90° (the region of stability on

the diagram in figure 3.31 occupies the entire right half-plane). Therefore,

W
if H cr

+1y adm ~ 6-11.

falls in the limits 5-10 percent,
adm

Allowance for inertia of the power amplifier, as well as for a second
cross connection, somewhat complicates the picture of the transient processes.
However, it has been demonstrated (ref. 97) that the qualitative side of the
earlier considered phenomena still is retained. Cross connections lead to
the appearance of spiral motion of the coordinator axis and therefore to its
deflection in the plane normal to the plane of the mismatch angle. The rela-
tion between the admissible and critical phase shift angles also is main-
tained. However, now Hop should be selected using the diagram in figure 3.31

or using formulas (3.9.20) and (3.9.22).
If the coordinator is used for measurement of the angular velocity of the

rocket-target line, the dynamic properties characteristic of it as an instru-
ment for measuring angular velocity, under the conditions assumed above,
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retain all the principal characteristics of the just considered case when the
coordinator served as an angle-measuring instrument. In actuality, by com-
paring formulas (3.9.8), (3.9.9), (3.9.11) and (3.9.12) it is easy to confirm
that the conversion function of the coordinator, as an instrument for measuring
angular velocity €, is equal with an accuracy to a constant real factor to its
conversion function, as an instrument for measuring the angle €.

The dynamic properties of the single-gyroscope coordinator described above
deteriorate appreciably when it is combined with an antenna system of consider-
able size and weight, because this causes a significant decrease of the ratio
of the polar moment of the gyroscope rotor J to the equatorial moment of iner-
tia Je of the gyroscope with the body. The latter, in iurn, ieads to a con-

siderable influence of inertial moments, and therefore to a considerable mani-
festation of nutation. The operation of such coordinators will be influenced
considerably by inertial forces in the axes of the suspension during oscilla-
tions of the rocket and also an inevitable residual unbalancing of the gyro-
scope.

However, an increase of the kinetic moment of the gyroscope for the pur-
pose of attenuation of the mentioned factors is not always desirable because
it causes an increase of the size and weight of the coordinator, and reguires
the use of correcting motors with a large torgue.

When a relatively heavy antenna is coupled to a gyroscopic drive the best
results are given when using gyroscopic stabilized platforms or stabilized
platforms (ref. 1). Such apparatus consists of two-gyroscope platforms with
power unioading of the gyroscopes (ref. 5). /142

The relalions derived above for single-gyroscope coordinators can be
applied to two-gyroscope tracking coordinators as instruments for measuring
the angular position of the target and the angular velocity of the line of
sight, at the same time taking into account that to a considerable degree such
coordinators do not have the shortcomings inherent in single-gyroscope systems.

The gyrostabilized platform of a two-gyroscope power system is formed by
two frames: an outer frame 1 and an inner frame 2 (fig. 3.35). The axes of
the frames oKzK and OKyK are mutually perpendicular. The gyroscopes Gl and G2

are situated on the inner frame of the platform, made in the form of a housing.
Each of them has two degrees of freedom relative to the gyrostabilized plat-
form, including here the degree of freedom of the rotation of the rotor.

The angles of rotation of the gyroscope frames 3 and 4 relative to the
platform are measured by the pickups Pl and Py, respectively. The voltages

from the pickups directly or after amplification are fed to the unloading

motors Mi and M2, creating moments around the axes OKZK and oKyK. The gyro-

scopes, together with the pickups and the unloading motors, form a power un-

loading system for compensation of the external moments applied to the platform.
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Figure 3.35

Now we will consider the behavior of a platform under the influence of the
external moment which can arise, for example, during the oscillationg of the
rocket. We will assume that the moment is applied to the outer frame of the
platform, that is, acts around the axis Oy Zg * Under the influence of the per-

turbing moment the gyroscope Gl begins to experience precession, tending to
bring the vector of its kinetic moment into coincidence with the vector {lh3
of the perturbing moment. With the rotation of the frame of the gyroscope

Gl relative to the platform, a voltage proportional to the angle of rotation
of the gyroscope frame will be fed from the pickup Pl' In proportion to the
voltage of the pickup the motor M1 develops a moment around the axis of the
outer frame of the platform, oriented in a direction opposite the direction of
the external moment. Precession of the gyroscope will continue until the

external moment equals the moment of the motor.

If the external moment is eliminated, the moment of the discharge motor,
compensating it earlier, causes precession of the gyroscope Gl to its former

position. With the rotation of the gyroscope frame to the zero-signal position
the value of the moment of the motor also will decrease. As soon as the gyro-
scope frame attains such a position the moment of the motor becomes equal to
zero and the further precession of the gyroscope Gl ceases.

Thus, in a power unload system the gyroscope Gl performs the role of an
external moment around the axis OxZk of the platform and, jointly with the

pickup Pl’ produces a voltage necessary for compensation of the external moment.
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The - platform behaves similarly under the influence of the moments along
the oKyK axis. Only in this case will there be precession of the gyroscope G2

and the motor M2 will compensate the external moment.

Thus, the application of external moments to the axes of the platform
frames does not lead to a rotation of the platform, but causes only precession
of the corresponding gyroscopes. The suspension axes of the platform are
unloaded from the action of the externsl moments.

The correcting moments, under whose influence the angular position of the
axes of the platform should change, are created by the correcting motors

CMl and CM2, to which are fed the mismatch signals formed by the direction

finder.

3.10. Block Diagram of a Coordinator with Electrical
Displacement of the Equisignal Direction

A coordinator with electrical displacement of the equisignal direction
consists of a phase-type direction finder and an actuating mechanism whose
purpose igs the forming of voltages which are fed to the windings of the phase
inverters. The values and signs of these voltages are set in such a way that
the phase inverters compensate the phase shift of the received signal caused
by displacement of the target relative to the equisignal direction.

he actua ing device used can be an electromechanical drive or the

cussed gyroscopic drive, coupled to potentiometric pickups. The

ch pickup is attached to the body of the rocket and the slide [lhh
ected to the axis of the gyroscope or the output shaft of the reducer
of the electric motor.

3

earl
body of e
is conne

The principle of operation of the coordinator is as follows. We will as-
sume that in the initial state the rocket-target line coincides with the
direction of the axis of the antemna system (we recall that the antenna system
in this type of direction finder is fixed rigidly to the body of the rocket,
and its axis is oriented in the direction of the longitudinal axis of the
rocket). The mismatch signal at the output of the direction finder will be
equal to zero, and the gyroscope will occupy some initial position in which
the voltage from the potentiometric pickups also will be equal to zero.

There will be no additional phase shift from the phase inverters. Displace-
ment of the target relative to the equisignal direction causes the appearance
of a mismatch signal, precession of the gyroscope and appearance (as a result
of movement of the slide of the potentiometric pickup from a zero position)
of a voltage across the windings of the phase inverter ferrites. The phase
inverters shift the phase of the received signal so as to compensate the
phase shift caused by displacement of the target relative to the axis of the
antenna.
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When the phase shift of the signal caused by displacement of the target is
completely compensated, the mismatch signal becomes equal to zero and preces-
sion of the gyroscope ceases. The target again will be on the equisignal direc-
tion, which no longer will coincide with the axis of the antenna. During move-
ment of the target the equisignal direction automatically follows the position
of the line of sight.

In constructing the block diagram of the coordinator it is necessary to
use equations (3.6.30), (3.9.2), (3.9.3), (3.9.5) and equations relating the
voltage at the output of the potentiometric pickups and the angle of rotation
of their slides.

In complex form the equation for the pickups has the form
up = koYy, (3.10.1)

where kP = kPl = kP2 is the transfer constant of the pickup; Yy =Y

is the angle of rotation of the pickup slides.

3z © Jyay

Since Y3 also is the angle of deflection of the gyroscope relative to the

body of the rocket, then

Yy = & - 9. (3.10.2)

Here & is the angle characterizing the position of the longitudinal axis
of the rocket relative to a fixed frame of reference.

Figure 3.36&, b shows block diagrams of a coordinator for complex and
real coordinates. The block diagram of a coordinator with electrical displace-
ment of the equisignal direction differs somewhat from a block diagram with
mechanical displacement of the equisignal line (fig. 3.27). The most impor-
tant difference is that, for the diagram shown in figure 3.27, the angle
A6 is the mismatch angle characterizing the deflection of the target from 4145
the equisignal direction. Such a mismatch for the diagram in figure 3.36
will be the phase shift Ap = ¢ - wp. However, the angle A8 for a coordinator

with electrical displacement of the equisignal line is the input action which
characterizes the position of the target in the related coordinate system.

Using the block diagram in figure 3.36 it is possible to write an expres-
sion for the measured value of the angular position of the target
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= Fekp ®
D(TD +1)(1+JaD) + &y~ %

?
kR
o
+ v . (3.10.3)
D(T, D+ 1) (1 +jaD) + ky ==~
?

It follows from (3.10.3) that the angle eK is dependent not only on the

actual angular position of the target €, but also on the angular position of
+he longitudinal axis of the rocket §. The latter dependence is extremely
undesirable because the inevitable changes of ¢ in the process of motion of
the target cause errors in determination of the coordinates of the target.{lh6
This dependence can be eliminated by the appropriate selection of the param-
eters of the coordinator and "decoupling" the coordinator from the angular
oscillations of the rocket.

The "decoupling" condition is satisfaction of the equation

= 2,10,
kprkp k(p. (3.10.4)
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Figure 3.36

157




Then (3.10.3) assumes the form

k

—_— |4
= DI D+ T)(T+jaD)y ~ &, & (3.10.5)

Equation (3.10.5) coincides in form with the equation of motion of the
coordinator with mechanical displacement of the equisignal direction (3.9.13)
if the velocity amplification factor of the latter is a real value.

In the case of satisfaction of condition (3.10.4) the voltage fed to the
correcting motors of the gyroscope is expressed by the formula

v — koekg(l + jaD) : (3.10.6)
c D(TaD#—I)(l+jaD)-j—kV :

Therefore, a coordinator of the considered type can be used as an instru-
ment for measurement of the angular velocity of the line of sight.

3.11. Evaluation of the Accuracy of Coordinators
of Homing Systems

The coordinator of a homing system is a measuring apparatus and, there-
fore, the most important index of its Operation is the accuracy of measurement
of the mismatch parameter.

The errors involved in use of the coordinator are reflected to a con-
siderable degree in the value of the rocket miss. In actuality, if the coor-
dinator measures the mismatch parameter with an error, this is equivalent to
determination of the mismatch parameter for some fictitious target. Since the
other elements of the homing system cannot compare the actual and measured
values of the mismatch parameter, the rocket will be guided to a fictitious
target whose position corresponds to the measured value of the mismatch param-
eter, which also leads in the last analysis to an increase of the rocket miss
which cannot be eliminated.

Two types of actions are applied to the coordinator, as to any automatic
control system: a controlling action and various kinds of perturbations.
The coordinator errors are caused both by inexact reproduction of the control-
ling action and the influence of undesirable perturbations. Errors of the
first kind sometimes are called dynamic errors, and errors of the second kind,
fluctuation errors.

In the case of coordinators of homing systems the controlling ac- {lh?

tion, that is, the action which should be performed with a high degree of
accuracy, can be divided into two components: a component caused by the
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relative motions of the rocket and target, which result in the angular motion
of the line of sight, and a component caused by angular oscillations of the
body of the rocket ("yawing" of the rocket). We note at once that the second
component is characteristic only of systems for automatic tracking of a tar-
get using angular coordinates, carried on amoving object and having an elec-
tric motor control device and also coordinators with a fixed equisignal direc-
tion. In part, this component also will appear in the gyroscopic coordinator
described in the preceding section, in which there is displacement of the
equisignal direction with incomplete compensation of "yawing" error (3.10.3).
A gyroscopic coordinator with mechanical displacement of the equisignal direc-
tion, as a result of the gyroscopic effect, has a good decoupling from the
angular oscillations of the rocket, and therefore there will be virtually no
"yawing" component in the controlling action.

e 3.37a shows the block diasgram of a moving gyro

axr S C i O
Here W, (D) is the transfer function of the coordinator. The single control-
K

ling action--change of the angular position of the rocket-target line €(t)--
is applied to the input of the coordinator. The equisignal direction, char-
acterized by the angle eK, is deflected from the line of sight by the angle

A6. Thus, A8 = € - €, represents the tracking error or the error in repro-
ducing the controlling action.

Figure 3.37b is the block diagram of a homing rocket with a fixed coor-
dinator. The transfer function Wr(D) includes the transfer function of the

coordinator, automatic pilot and rocket. The angle P characterizes the angu-
lar position of the longitudinal axis of the rocket (it is assumed that the
equisignal direction of the direction finder coincides with the longitudinal
axis of the rocket). This diagram shows two controlling actions: the change
of the angular position of the line of sight e(t) and the angular oscillation
of the longitudinal axis of the rocket 0r(t). The latter is combined with the

angle ¥ and gives the angle &, characterizing the angular position of the
equisignal direction. Such a setting of the controlling action, neces- Z1b8
sitated by the oscillations of the axis of the rocket, is correct only in

a case when "yawing" is not dependent on the angular position of the longi-
tudinal axis of the rocket.
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There are two approaches to setting of the controlling action, neces-
sitated by the change of the angular position of the line of sight. According
to the first of them €(t) is given in the form of a determined function of
time. In the second it is assumed that €(t) is a random function and is given
by its statistical characteristics.

In the first case, it is assumed that in the process of guidance of a
rocket to a target, the angular position of the line of sight changes in con-
formity of a clearly defined law as a function of the velocity and maneuvering
of the target, the guidance method used, velocity and the dynamic properties
of the rocket, initial launching range, etc. The problem of determining the
controlling action € = €(t) for different methods of rocket guidance was con-
sidered in chapter 2. In computing the dynamic errors of the coordinator it
is desirable to replace the dependence € = €(t) by its approximate value. As
such an approximation, it is convenient to use approximation of the function
e = €(t) byapolynomial of t

e(t):éoAiti. (3.11.1)

Since in actuality the ¢ = €(t) curves are quite smooth, the degree of
the approximating polynomial cannot be very high.

In the second method for setting the controlling action it is assumed
that as a result of the difference of target trajectories, and also the dif-
ference in the initial condition for each launching (aspect of attack, initial
launching range, etc.), an individual kinematic trajectory, and therefore alsc
its corresponding dependence ¢ = €(t), must be considered as one of the pos-
sible realizations of some random process. The controlling action in such an
approach is given by the statistical characteristics of the mentioned random
brocess. Reference 31 presents computations of the statistical characteris-
tics of the controlling action for a radar set for automatic tracking of the
target, on the basis of angular coordinates, which is used in an antiaircraft
fire control system. The spectral density of the angular velocity of the line
of sight is expressed by the formula

G- ( )_LA—@_ (3.11.2)

=g

I

where A

o

is the mean value of the square of angular velocity of the target,

and T is a value inverse to the mean value of the interval within which the
angular velocity remains constant.

However, a similar method can be used as the basis for computation /149
of the statistical characteristics of the controlling action with respect
to the coordinators of homing rockets.

160




P ——

The second method for setting the controlling action makes it possible to
meke a more general evaluation of the accuracy of the system for different
variants of its use, whereas the first method mekes it possible to evaluate
the accuracy of the coordinator only for some special cases of its use. How-
ever, the expenditures involved in obtaining reliable statistical characteris-
tics are very great, and therefore in actual practice preference frequently is
given to the first method for setting the controlling action.

Chapter 2 discussed the principal types of perturbations acting on the
coordinators. In computing the accuracy of measurement of the mismatch param-
eter in the tracking coordinators of the angle-measuring type, it is neces-
sary to take into account the fluctuations of the signal reflected from the
target and also artificially created interference.

The instantaneous value of the fluctuations of the amplitude of the re-
flected signal is characterized, as already pointed out, by the relative
change of the amplitude or the coefficient of noise modulation mn(t). As the

averaged characteristics of amplitude noise, it is possible to use the cor-
relation coefficient of noise modulation Rm(r) or its spectral density Gm(w).

Fluctuations of the amplitude of the reflected signal lead to the ap-
pearance Of distortions of the output voltage of the direction finder, which
in the long run cause errors in determination of the target coordinates.
Therefore, for introducing into the block disgram of the coordinator the
perturbing action caused by amplitude noise, it is first necessary to make an
jnvestigation of the direction finder outsilde a closed control system. Such
an investigation essentially involves an analysis of the passage of a useful
signal together with fluctuations through the direction finder, in accordance
with the signal conversion eguations for a direction finder of & p
type. We note that intentionally created jnterference can be take
account in a similar way if the transmitter of the 1 ference 1s
at the target.

As a result of such an investigation we £ind the voltage at the output of
the direction finder as a function of the mismatch angle, the parameters of
the direction finder and the values characterizing the amplitude noise. The
output voltage of the direction finder consists of the useful component Unp

and low-freguency noise ulfn(t). Therefore, the perturbation caused by the
fluctuations of the reflected signal can be introduced into the block diagram
of the coordinator in the form of low-frequency noise at the output of the
direction finder.

If the noise voltage ulfn(t) is not dependent on the mismatch angle A6,
it is possible to compute the errors caused by the fluctuations, leaving the

block diagram of the direction finder in the same form it had in the absence
of fluctuations. The dependence of the voltage ulfn(t) on the mismatch
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Figure 3.38

angle A6, which occurs in the case of a high level of fluctuations of the
reflected signal or when there is artificial interference, makes necessary

changes of the block diagram of the direction finder as a link in the /150
automatic control system.

Fluctuations of the apparent center of reflection (angular noise) are
given in the form of the angle €,(t), whose value changes randomly relative to

the true direction to the target, determined by the angular Dosition of the
line of sight e.

Figure 3.38 is the block diagram of one of the channels of a tracking
gyroscopic coordinator, with the fluctuations of the signal reflected from
the target taken into account. The dashed line in this figure denotes ideal
systems of reproduction of the angular position of the line of sight and the
angular velocity of the rocket-target line. The first system has a transfer

coefficient equal to unity and the second is characterized by the transfer
function W_(D) = D.

The error in determination of the angular position of the line of sight
will be characterized by the measurement error or by the distortions of the
measured parameter Ae, representing the difference between the measured value
of the angle €, equal to €xs, and its actual value €, that is

Ae = € - €. (3.11.3)

The concept of reproduction error, defined as Aeo r =€ - eK, sometimes
is used in evaluation of the accuracy of the tracking system. By comparing
this expression with formula (3.11.3), it is easy to establish that
Ae = _Ae .

Or

By using the block diagram shown in figure 3.38, we write an expression

for the measurement error

. 1 " (D) Wy (D)
CE IO T T m et T Wy b (3.11.4)
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Here WK(D) is the transfer function of the closed coordinator, equal to

k
VD)= papT - (3.11.5)

W (D)
kpp
power amplifier.

is the transfer function of the power apparatus and the (1

and W'(D) =

Formula (3 11.4) shows that the error Ae consists of two components: ‘the
dynamic error determined by the difference € - € when u = 0 and
a ’ 1fn

€, = 0, and also the fluctuation error Aef, representing Ae when € = 0. The

following formmulas are derived for computation of Ac-:a and Ae 7

1
Asa:—————1+ WD) z, (3.11.6)
WD W, (D)
Ay =T W D) "m}*' T+ We(D) -1’ (3.11.7)

If the controlling action is given in the form of & determined function
of time, the dynamic error in a steady-state regime is represented conve-
niently in the form of a series

Aeozcoe(t)+c,é(t)+ )+ . ‘« <) (F) . (3.11.8)

where the coefficients for the input action and its derivatives represent the
so-called error coefficients, computed using the formula

c—{d"[ 1 I, (3.11.9)

“TlaD* L1+ Wi(D)

After substituting (3.11.5) into (3.11.9) and after computation, we obtain

1 T 1
CO:O, Cl_—_k—", C,z:k—‘i-—-—kT s etc. (3.11.10)
| 4

163




Computation of the dynamic error requires stipulation of the specific law
of change of the controlling action. We will assume that the angular position
of the line of sight changes in conformity to the law

E(t)zAmLA.t%—;Ath, (3.11.11)

where AO is the initial angular position of the line of sight, A1 is the angu-

lar velocity of the line of sight, and A2 is the angular acceleration of the
line of sight.

Then

A3”=E+ 73 + 2t (3.11.12)

It follows from formula (3.11.12) that in the case of a fixed line of
sight (A1 = A2 = 0) the dynamic error is equal to zero. If the line of sight
moves with a constant angular velocity, the dynamic error in a steady- 152
state regime (after attenuation of the characteristic motions of the sys-
tem) is equal to the constant value

A
A, — L |
f) kV

Finally, with movement of the line of sight with a constant angular accel-
eration, the dynamic error increases linearly.

When the controlling action is stipulated in the form of a random func-
tion of time the dynamic error usually is characterized by a mean square value
which is computed in the following way. From (3.11.6) and (3.11.5) we have

D(T,D + 1) T,D + 1

:D(TaDT1)+kVEZD(%z)TlH,kV . (3.11.13)

Ag,

In the example cited above an expression was obtained for the spectral
density of the angular velocity of the line of sight (3.11.2). If it is as-
sumed that such an expression can be obtained also for the controlling signal
of the coordinator of a homing rocket, the dispersion of error of determination
of the position of the line of sight is expressed by the formula

L(| el +1 2 4Ady
2 = _— _8a ' 11
) 275‘ Jjo (Jo Ta )k e o do. (3.11. l)‘*)
0
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The integral in (3.11.14) can be computed easily if the tables compiled
for this purpose in reference 31 are used. Msaking the computations and as-

suming that My << 1 and-i— << 1, we determine the mean square value Of the
v

dynamic error
. l/'Afl/thifjr_
20~ "k i (3.11.15)

22l av diTM

It follows from (3.11.15) that the dynamic error increases with an in-
crease of the mean square value of angular velocity of the line of sight and
with a decrease of the duration of the segments of flight of a target with a

constant angular velocity.

The fluctuation eTrrors in determination of the position of the line of
sight will be characterized by the dispersions or the mean square values.

If the noise component of voltage at the output of the direction finder
is not dependent on the mismatch angle and is given by the spectral density

Gjpp(w), the dicpersions of errors of determination of the position of the
1ine of sight, caused by amplitude and angular noise, are egual respectively
to /153
1 W (jw) |?
VY S W ..
%*‘2.—.5 l‘l—«,—W,((jm) Glf(r‘l")d"” (3.11.1€)
0
\ Cl WeGe) P2
J:j:(‘“%f(lmj‘ G (o) do. (~.11.17)
PE W {sy . on (2.11.1

It frequently is found that the spectral densities Glfn(w) and Gn(w)
within the limits of the pass band of the coordinator approximately retain a
constant value, egqual to their value at the zero frequency. We recall that
the spectral density Gn(w) is computed for some fixed range to the target.

Then, formulas (3.11.16) and (3.11.17) can be represented in the form

| W (jo) 2
o= | i1 W}Uw)l do, (3.11.18)

G (1 WeGe) [
— _ WeATE
T § TF Wi do. (3.11.19)
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Since amplitude noise is given by the spectral density of the coefficient
of noise modulation Gy(w), Glfn(w) in formula (3.11.18) must be expressed

through G, (w). We will show the relationship between these spectral densities

nels. Inawell-adjusted direction finder of such a type, the error caused by
amplitude noise will be increasingly small.

The voltage at the output of a direction finder with conical scanning,
with amplitude noise taken into account, is equal to (ref. 1)

2k
p— / ¥ / L ) Q . . . 0
u = kDFA6+kDan(t)A9 -7 m_(#) cos Qf (3.11.20)

The last two terms in expression (3.11.20) represent the fluctuating part of
the output voltage; the first of these terms is dependent on the mismatch
angle A6. The presence of such a dependence indicates that the amplitude
noise caused a change of the Properties of the direction finder. The block
diagram of the direction finder, constructed on the basis of (3.11.20), is
shown in figure 3.39. It follows from figure 3.39 that the direction finder
as a link in the automatic control system possesses a variable amplification
factor which changes randomly. The change in the broperties of the direc-/154
tion finder is reflected not only in the character of the fluctuation

error, but also in the value of the dynamic error. This example illustrates
one of the possible manifestations of the mutual relationship and mutual
dependence of fluctuation ang dynamic errors mentioned earlier.

The coefficient of noise modulation mn(t), caused by fluctuations of the

reflecting surface of the target, is considerably smaller than unity and there-
fore for simplification of the problem the variability of the transfer coeffi-
cient of the direction finder, in most cases, is neglected. 1In the analysis

of the effect of artificial interference on a coordinator such a simplifica-
tion can prove to be unsound .

Hereafter in formuls (3.11.20) we will take into account only the last
term, assuming that the low-frequency noise at the output of the direction
finder is expressed by the formula

-z%t,’;':ﬂh/t/cngt )
40 Upr
—— ‘—DF[H-mn(t)]

Figure 3.39
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2hor
u =z m Cos . . -
Lo ®) =T m (£) cos ¢ (3.11.21)

Then it is necessary to express the spectral density of noise voltage
through the direction finder parameters and the spectral density of the coef-
ficient of noise modulation. It can be shown that

28%
GlfI{O):—k:_,':fG,,, ). (3.11.22)

Then expression (3.11.18) assumes the form

2.__20#!(9)__]_oo Wy (o) |2
% — ) Z“Sl"W| dw. (3.11.23)
h

The effective passband of the coordinator is equal to

Wwith (3.11.2%) taken into account, expressions (3.11.23) and (3.11.19)
are transformed to the form

2=20m@ \F (3.11.25)

&, e - -
= 2,11 ~
cy-—Gn(O)AFe. (2.11.2%

A ma AN . enn - - . .
Tormulas (3.11.25) and {3.11.20) wake possible a sound selection of some

parameters of the direction finder for the purpose of decreasing the tracking
error. For example, the error due to amplifier noise can be decreased by
increasing the size of the antenna (at the same time, the coefficient km f155

increases), decreasing the equivalent pass band of the coordinator and in-
creasing the scanning frequency, thus leading to a decrease of the spectral
density G, (). The latter approach apparently is the most rational.

By computing the integral (3.11.24) we obtain

ky

AF = . (3.11.27)
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Then ) G () &y,
=
2 2%, (3.11.28)
0 Gy (0) &,
Sy=—g -

(3.11.29)

Formulas (3.11.28) and (3.11.29) make it possible to determine the meas-
urement errors in any one channel of the coordinator in the absence of cross
connections between channels. In order to compute tracking errors when there
is a cross connection between channels, it is necessary when computing the
integral (3.11.24) to assume that the amplification factor for the velocity
coordinator is a complex value kv = kVeJu. ITf such computations are made, the

following coefficient appears in formulas (3.11.28) and (3.11.29)

k, = 1 (3.11.39)

cos p — kVTa sin2p °

With an increase of p from zero to the value at which the following condition
is satisfied

’ (3.11.31)

tan p,,. sin W, =

the coefficient ku increases from unity to infinity. We recall that the equal-

ity (3.11.31) applies at the limit of coordinator stability. Therefore, the
fluctuation errors of the coordinator increase with an increase of the cross
connection between channels.

The mean square total error of determination of the direction of the line
of sight, on the assumption that the line of sight moves at a constant
velocity, 1s expressed by the formula

__fi.4_ G (Q) By,
B2 2
kY 2k%,

g2

G,(0) &
v (3.11.32)

Formula (3.11.32) shows that the first term (dynamic error) decreases
with an increase of the amplification factor of the velocity coordinator and
the two others (fluctuation errors) increase with an increase of kV. It is

possible to determine the value of the amplification factor which is [156

optimal from the point of view of the minimum of the mean square total
error. It is equal to
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The minimum value of the total error can be found by substituting

(3.11.33) into (3.11.32).

The error in measurement of the angular velocity of the line of sight
can be determined by using the block diagram in figure 3.38.

Assuming kl = T we obtain

or
[=]

- D DW' (D) D W, (D)
A== 1w o) T T W D) T W W, (D) 1 (3.11.34)

The steady-state dynamic error, on the assumption that the controlling

 action changes in conformity to the law e(t) = Ay + At +-% A2t2, will be
equal to

A
110

(3.11.
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The dispersions of the fluctuation errors caused by amplitude and angular
' noise are expressed by the formulas
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Computing the values of the integrals in (3.11.36) and (3.11.37), we will have

2 = Im @k (3.11.38)
@ 2T k%

) £,
fy_T' (3.11.39)

The mean square total error in determination of the angular velocity of the
line of sight, on the assumption that the controlling action changes in con-
1 2

formity to the law e(t) = By + At + 3 At

ot is expreszed by the formula
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- (3.11.40)
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The value of the velocity amplification factor for which the mean square [157
total error has a minimum value is equal to

L
" ::]//' 443k, Ty (3.11.41)
V opt 2Gn (Q) + £2,G(0)

Comparing formulas (3.11.33) and (3.11.41) we note that the optimal value
of the velocity amplification factor will be different, depending on whether
the position of the line of sight or its angular velocity is determined with a
minimum error.

The computation of the coordinator errors under the influence of artifi-
cial interference has some features in common with the computations cited
above, because the principles for creating artificial interference in part are
based on the complication of the natural factors responsible for measurement
errors. Here it is important only to clarify those specific properties of
interference which are the basic cause for the appearance of errors to be able
to correctly introduce the interference signal into the coordinator circuit.

It 1s also useful to know the methods that make it possible to attenuate
the effect of intentionally created interference of some type. The following
table, taken for reference 109, gives a list of some of the possible types of
interference and measures available to overcome them. This list was compiled
for use with radar sets with automatic tracking of the target and employing
the equisignal direction method.

Interference Methods for overcoming interference
Noise interference Closed velocity memory circuit for determining
correlation

Range selection with narrow strobe pulses for
improving the signal-to-noise ratio
Instantaneous automatic volume control

Rotation of antenna with Direction finder with instantaneous equisignal
reverse modulation direction
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Interference

‘ Random radar interference

Air-dropped chaff

Chaff fired into rocket
path

Spurious targets

Remote interference
(disrupting range
selection)

Methods for overcoming interference

Modulation of pulse repetition frequency
Velocity selection

Range selection with narrow gate pulses
Nerrow pass band

Acceleration selection

Acceleration selection

Tie-in of pulse edges, clipping and range
selection

Velocity differentiation

Automatic freguency tracking

Velocity selection

Range selection with narrow strobe pulses
Acceleration selection

Acceleration selection
Investigatien of trajectory

Velocity selection

Range selection with narrow strobe pulses
Automatic freguency tracking
Acceleration selection
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CHAPTER 4. COORDINATORS OF RADIO ZONE
(BEAM-RIDING) CONTROL SYSTEMS

4.1. Functional Diagram of the Coordinator
of a Beam-Riding Control System

The coordinator of a beam-riding control system consists of two sepa- /159
rated parts, one of which is situated at the control point and the other -
on the rocket. The apparatus of the coordinator carried on the rocket consists
of an antenna, placed in the rear part of the rocket, a radio receiver and an
output device which is designed for functional conversions of the received
signal.

If the rocket is situated precisely on the equisignal direction, the
pulses received by the radio apparatus aboard the rocket from the radar set
will have a constant amplitude. Deflection of the rocket from the equisignal
line causes the appearance of amplitude modulation of the received pulses with
the frequency of rotation of the directional diagram of the antenna of the
radar set.

The conversion of the signal in the output device of the apparatus carried
aboard the rocket essentially involves the detection of the envelope of the
received pulses, amplification of the mismatch signal and its breakdown into
two components characterizing the deflection of the rocket from an equisignal
line in two mutually perpendicular planes. These components are used in
forming the controlling effects which cause the rocket to return to an equi-
signal direction.

In order to detect the two mentioned components on the rocket, it 1is
necessary to have a reference signal which fixes the beginning of reading of
the phase of the envelope of the received pulses. This reference signal is
transmitted from the radar set by the additional modulation of the radiated
pulses.

What has been said above makes it possible to construct the functional
diagram of the coordinator of a beam-riding control system. Figure 4.1 Z16O
shows such a diagram. The position of the antenna Ay is set by the antenna
control unit ACU, which is controlled by target designation signals. The dia-
gram rotation motor DRM is connected to a reference voltage generator RVG. The
voltage produced by it is fed to the unit for shaping the reference signal RSS
which forms the signal used for additional modulation of the pulses received
by the radar set.

Aboard the rocket the signals received by the antenna A, are amplified by

the receiver rec and are fed to two channels: a mismatch signal channel MSC
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and a reference signal channel RSC. The signals from the outputs of these
channels are fed to phase detectors PD, and PDy for measurement of the lateral

and longitudinal deflection of the rocket, and then to the dc amplifiers DCA;
and DCAy.

The output voltages u, and uy of the coordinator are dependent on the dis-

placement of the rocket relative to the radar beam in the corresponding control
planes.

Figure 4.1 shows that the functional diagram of the apparatus abcard the
rocket partially coincides with the diagram of the direction-finding apparatus
of the homing system coordinator. For this reason, we will consider only the

£~

specific features of its operation in a beaw-riding control system.

4,2, High-Freguency Channel of the Receiving
Apparatus of the Rocket

One of the characteristics of the operation of the high-frequency channel
of lhe receiving apparatus is the fact that the rocket antenna usually 1is
situated at its rear, and therefore is in the jet of gases of the jet engine
containing a large quantity of ionized molecules. As a result, the antenna is
surrounded by ion plasma which influences the received signal. Also, there is
reflection of electromagnetic waves from the "gas jet-air" discontinuity and
absorption of energy on the path of propagation of the radio waves to the {l6l
antenna. Both factors lead to an additional attenuation of the strength of the
signal fed to the antenna. The degree of attenuation of the signal during its
passage through the jet is dependent on the frequency of the received electro-
magnetic oscillations, the type of jet engine, the characteristics of the fuel,
etec. In the case of waves in the centimeter range, the decrease of signal
strength can attain one or two orders of magnitude (ref. 3).

The degree of absorption of radio waves in the jet during the operation of

the jet engine does not remain constant but varies continuously and these varia-
tions are as great as 50 percent. This leads to amplitude modulation of the
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signal by the Jjet with a quite high frequency. This parasitic modulation
causes the appearance of a false mismatch signal if the frequency of scanning
is close to the frequency of fluctuations of the jet.

A considerable drop of the strength of the received signal due to a change
of range between the radar set and the rocket in the course of its flight to
the target also is characteristic of the operation of the receiving channel.

In this case, when the launching site is situated in the immediate vicinity of
the radar station, such as when launching a rocket from a rocket-carrying
aircraft, the signal strength arriving at the receiver antenna immediately
after the launching can have an inadmissibly high value. If the necessary
measures ar not taken, this will result in the disruption of operation of the
input elements of the radio receiving apparatus and even total malfunctioning.
One of the measures for protecting the receiver is the introduction of a
special signal attenuator into the waveguide channel. The attenuation which
it causes is changed in accordance with the program from a maximum value at
the time of rocket launching to zero by the time of arrival in the target area.
The introduction of an attenuator operating in accordance with a program also
lowers the requirement on the dynamic range of the receiver.

The electromagnetic oscillations radiated by the radar set forming the
radar beam usually have plane polarization. If there is conical scanning in
the radar by rotation of the primary radiating element, the polarization plane
is rotated with the scanning frequency. When rotation of the reflector is
used for scanning, the turning of the polarization plane of the arriving wave
relative to the orientation of the waveguide of the high-frequency channel of
the receiver occurs due to the transverse oscillations of the rocket. In
both cases, there is a so-called polarization effect leading to a change of
the amplitude of the received signal during the turning of the polarization
plane of the arriving wave.

If the polarization effect is caused by rotation of the polarization plane
with the frequency of scanning, there will be polarization errors in the mis-
match signal whose presence leads to a change of the amplitude of the actual
value of the mismatch signal and to a distortion of its phase(ref. 1). The
first is equivalent to a change of the transfer coefficient of the mis- 162
match signal channel and the second to a twisting of the axes of the meas-
urement coordinate system. Therefore, it is necessary to take special measures
for exclusion of the polarization effect.

One of the methods for elimination of polarization errors is the use in
the apparatus carried aboard the rocket of an antenna with circular polariza-
tion. An example of such an antenna is a horn antenna with a dielectric plate
(ref. 49). It consists of a horn 1 (fig. 4.2a), excited by a standard wave-
guide 2 with a wave HlO' A phasing section 3 is placed between the horn and

waveguide and is used in turning the horn relative to the axis of the waveguide
by 45°. A longitudinal dielectric plate 4 is inserted in the phasing section.

The conversion of the incident wave with plane polarization into a field

with circular polarization in such an antenna occurs because the vector E of
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the arriving electromegnetic oscillation breaks down into two mutually perpen-
dicular components with a time phase shift of 90° relative to one another.
This shift is the result of use of a dielectric plate in the phasing section.

It is easy to show that by use of such a device the amplitude of the
high-frequency oscillations at the output of the phasing section is not
dependent on the angle BV at which the vector E of the incident wave is ori-

ented (fig. 4.2b). It can be seen from figure 4.2b that the components of the
vector E along the narrow and broad edges of the dielectric plate are

(4.2.1)
E,=Esin(§ —8)

For the instantaneous values of the =lectrical field at the output of the /163

phasing section {without allowance for the attenuation created by 1 it) w

obtain

. I = 3
e,= E cos \T— 8 )sinwt,

(L.2.2)

e;=Esin (% — {1;,) cos of.

By projecting the oscillations (k.2.2) onto the axis g parallel to the

narrow wall of the waveguide, for the resultant field ey we find

e,=e;Ccos 1 —1— e, cos }/2 (e, + )
or

e

y:%sm(mt-{»%—%\’). 7 (k.2.3)
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The latter equation shows that the amplitude of the oscillaﬁions at the
input of the receiver is not dependent on the orientation of the vector E.
Therefore the turning of the polarization plane of the arriving wave has no
influence on the operation of the coordinator apparatus aboard the rocket.

The described method for exclusion of the polarization error leads to a
decrease of the signal strength at the input of the receiver by a factor of 2
in relation to the maximum possible value. However, this circumstance is no
limitation on the use of such an antenna because the receiving apparatus is
under the influence of direct (sounding pulses) of the radar set. We note that
the operation of the radar apparatus carried aboard the rocket using the direct
signals of the radar set makes it possible to use receiving apparatus having
a low sensitivity, if the effective range of the beam-riding control system is
low.

4.3. Channel for Detection of Mismatch Signal

The channel for detection of the mismatch signal includes a peak detector,
an amplifier and a range potentiometer.

We recall that in the case of a small deflection of a rocket from an equi-

signal direction, the envelope of the video pulses at the output of the
receiver has the form (3.4.12)

U.o = Up[l +m cos (Qt + o)]. (4.3.1)

The mean amplitude of the pulses Ub is expressed by the formuls

2
k. PG (B.)G A
U - V/ jeeRRO‘FO/ " r X

: k3.2
P (brp)2  TOC (h-3.2)

gmix

Here kjc is the absorption coefficient for the Jjet, PR is the radar pulse
power, GRO(BO) is the coefficient of directional effect of the antenna of the

radar on the equisignal direction, G, is the coefficient of directional /164

r
effect of the rocket antenna, A is the wavelength, Bnix is the conductivity of
the mixer of the rocket receiver, r,. is the distance between the radar and the

rocket, and krec is the amplification factor of the receiver from the mixer to

the output of the video amplifier.
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The depth of modulation m of the signal is proportional to the angular

deflection of the rocket from the equisignal direction elR’ that is
|

w =k €p, (4.3.3)

where the coefficient k; is determined by formula (3.4.13). The peak detector

and the amplifier in the channel for detection of the mismatch single are
similar in their purpose and diagrams to the same apparatus in a direction

. . . $ 13 mh 1+ 134933~ ot +1 [ N |
finder with an integral eguisignal line. The voltage amplitude al the output,

therefore, is expressed by the formula

U =Ukkke (4.3.4)
a pm a

D a 1R’

It follows from the cited expression that the amplitude of the mismatch
signal when Ué = const is proportional to the angular deflection of the rocket

from an equisignal direction., The constancy of the mean value of the amplitude

- - K] Ty -~ VT st o
of the pulses U_ is ensured by the use of an asutomatic volume control system.

In some cases it is desirable that the mismatch signal be proportional to
the linear deflection of the rocket from the axis of the radar beam h, rather
than to the anguliar deflection.

. ;
i | A o
n the case of small mismatches

e

By comparing expressions (4.3.4) and (4.3.5), it is easy to see that in
order to obtain a proportional dependence between the amplitude of the mis-
match signal and the linear deflection of the rocket the voltage at the output
of the amplifier should be multiplied by a factor changing proportional to the
distance r.. This is achieved by introduction into the channel for detection

of the mismatch signal of an element whose transfer coefficient increases pro-

portional to the range r.. In connection with this element, the apparatus

carried aboard the rocket should contain an instrument for measurement of the
"radar set-rocket" range.

Since the signal proportional to the range T, is used only for change of
the transfer coefficient of the amplification channel, it is not necessary {165

to measure it with a high accuracy. For practical purposes, an element with
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a variable amplification factor is constructed in the formm of a programming
mechanism called a range potentiometer whose diagram is shown in figure 4.3.
A ring potentiometer P is fed a voltage uy proportional to the angular deflec-

tion of the rocket from the axis of the radio beam. The slide of the poten-
tiometer is moved by the motor M of the reducer Red. The motor is cut in at
the time of the rocket launching. If it is assumed that the velocity Vo of the

rocket relative to the radar set is constant and the potentiometer has a uni-
form winding, the resistance Rt of part of the potentiometer changes in con-
formity to the law

R, = R° ff_o r., (4.3.6)

where R® is the change of the resistance of the potentiometer with a turning of

the slide by one degree, w, is the speed of rotation of the rotor of the motor,

and n is the gear ratio of the reducer.

Then for the amplitude of the voltage from the potentiometer we obtain

Ry
U, = ﬁg Us = KpotarrUa- (%.3.7)
RO Dy
Here kp = — —— 1is the transfer coefficient of the range potentiometer and
otB R VO

Ry 1s the total resistance of the potentiometer.

The coefficient k otd has the dimensionality [%] and shows to what
p

extent there is an increase of the relative voltage at the output of the poten-
tiometer with a change of range by one meter.
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The value kpota

still is not fully cut in when the rocket flies a distance equal to its effec-
tive range T max” If the mentioned reserve is 10-20 percent, the maximum

should be selected in such a way that the potentiometer

value k is determined as
potd

_ 0.8-0.9_

k =
potd max r
T max

In designing the range potentiometer, it is desirable that the wvalue k be
. pota
selected close to the maximum.

4. 4. Reference Signal Channel

The signal produced by the reference voltage generator of the radar set
(fig. 4.1) has the form of a sinusoidal oscillation rigidly in phase with the
scanning of the directional diagram of the antemma. The transmission of /166
the refcrence signal to the rocket is accomplished by additional medulation

of the pulses radiated by the radar set.

The reference signal channel of the radar apparatus aboard the rocket is
used for detection of the reference signal from the received sequence of
pulses.

Two methods are used for transmission of the reference signal: in the
irst the sinuscidal reference voltage ig transmitted complotely, whereas in
the second only individual values of this voltage related to the characteris-
tic points of the position of the maximum of the directional diagram are trans-

mitted, such as "up-down™ and "right-left."

The following types of modulation now are used widely for the transmission
of a continuous communication by pulsed signals (which in the considered case
is a sinusoidal oscillation with a phase unknown to the recipient): pulse-
amplitude (PAM), pulse-width (I'WM), pulse-phase (PPM), pulse-frequency (PFM)
and pulse-code (PCM) modulation. Briefly we will evaluate the possibility of
using the mentioned types of modulation for the purposes of transmission of a
reference signal. The unsuitability of PAM is due to the impossibility of
detecting the reference signal and the mismatch signal at the receiving end,
because the latter is formed from pulses modulsted in amplitude by an oscilla-
tion of the same frequency as the reference signal. The use of PWM makes it
necessary to increase the mean power of the transmitter, which frequently is
undesirable. In the case of transmission of a sinusoidal oscillation, phase
and frequency modulation are almost similar in their properties, though PFM
continues to have some advantages because its use does not require forming of
synchronizing pulses. Finally, PCM in theory can be used for transmission
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of a reference signal but quite complex systems of coding and decoding are
necessary for its use.

The brief analysis made above shows that PFM is the most convenient form |
of modulation for transmission of a reference signal. For example, such modu- \
lation is used in the control system of the "Oerlikon" rocket (ref. 1k).

On the transmitting end the PFM modulator is designed most simply using
the conversion of PWM into PFM. The functional diagram of such a modulator
is shown in figure 4.4. The video pulses from the cadence generator CG,
which serves as a radar set synchronizer, are fed to the slave multivibrator
SM and periodically trigger it. At the same time a sinusoidal reference
voltage from the RVG is fed to the grid circuit of the multivibrator. Square
pulses are formed at the output of the mutlivibrator. The pulse duration is
proportional to the voltage fed to a differentiator Dif and then to a limiter
L. The limiter suppresses the pulses corresponding to the times of trig- (167
gering of the multivibrator. Therefore, a sequence of pulses is formed at
its output. The position of each of these pulses will be determined by the
value of the modulating voltage (fig. 4.5). The resulting sequence is used for ‘
triggering the radar set transmitter.

The channel for detection of the reference signal in the considered type
of modulation contains a limiter and demodulator. The limiter is designed to
eliminate the amplitude modulation caused by the deflection of the rocket from
an equisignal direction. The circuitry of the demodulator can be designed in
different ways. The detection of the component of the reference signal con-
tained in the received sequence of pulses can be accomplished by use of a band
filter tuned to this frequency. The mentioned component is increased by
placing a pulse widener in front of the filter. As an example, figure 4.6
shows the functional diagram of the reference signal channel when the signal is
transmitted by PFM. It consists of a limiter L, a pulse widener PW, a filter
¥, an amplifier Amp and a shaper Sh. In the shaper the reference signal as-
sumes the necessary shape and is brought to the required strength.

In the second method for transmission of the reference signal, when the
maximum of the directional disgram of the radar set antenna intersects certain
characteristic points, the radar radiates special cadence pulses which differ
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from the main sequence with respect to some qualitative criterion, such as
duration, timing code, additional modulation, etc. (ref. 2).

In figure 4.7, the crosshatched circle represents the cross section of the
directional diagram of the radar set antenna, and the dashed line denotes the
path covered by its maximum during rotation about the equisignal line. {168
The point o denotes the trace of this line on the sectional plane. The
figures I, II, IIT and IV denote the right, upper, left and lower positions of
the directional diagram, respectively. The reference signal can be transmitted
either by two 